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DESIGNING CONCRETE MIXTURES FOR 
PAVEMENTS 

BY THE DIVISION OF TESTS, PUBLIC ROADS ADMINISTRATION 

Reported by W. F. KELLERMANN, Materials Engineer 

HE PURPOSE of this report is to describe a 
method of investigating the flexural strength of 
concrete in connection with the problem of design- 

ing concrete mixtures for pavements and to present the 
results of a series of laboratory tests which demonstrate 
how flexural strength may vary over a wide range due to 
the characteristics of the aggregates employed. 

All pavement concrete, particularly that laid in the 
Northern States, must be designed so as to afford maxi- 
mum resistance to weathering agencies. Assuming that 
the constituent materials are durable, it is generally 
agreed that this may be accomplished either by placing 
a maximum limit on the water-cement ratio or by 
requiring a cement content sufficiently high to insure 
that the maximum allowable water content will not be 
exceeded. The necessity for limiting the water-cement 
ratio to insure durability applies to all concrete exposed 
to the weather. . 

Insofar as strength characteristics are concerned, 
concrete for most purposes need only be investigated for 
compressive strength. However, compressive strength 
is not of primary importance in concrete for pavement 
slabs because of the character of the stresses to which 
such slabs are subjected. Live loads and changes in 
temperature and moisture, either alone or in combina- 
tion, produce tensile and flexural stresses which pave- 
ments must resist in order to perform the function for 
which they are designed. Of the two, the flexural 
stresses are the more important. For this reason, flexural 
or bending stresses rather than compressive stresses 
become critical in cases where the concrete mixture is to 
be designed for use in highway pavements. Therefore 
the designer of concrete paving mixtures must give 
consideration not only to the factors that affect dura- 
bility but also to those variables that affect flexural 
strength. 

TESTS MADE TO DETERMINE CEMENT FACTOR FOR VARIOUS 

COMBINATIONS OF AGGREGATES 

The specifications for pavement concrete of the 
American Association of State Highway Officials specify 
that the proportions shall be based on laboratory tests 
and shall be such that, in the judgment of the engineer, 
they will assure durable concrete of the plasticity and 
workability required, and which will attain at the age 
of 14 days a modulus of rupture not less than 550 
pounds per square inch when tested by the third point 
method of loading. In order to assure durability it is 
further specified that the net water-cement ratio shall 
in no case exceed 0.80 by volume (6.0 gallons per sack 
of cement). 

The tests reported in this paper were made in an 
investigation of the design of concrete mixtures in which 
25 different combinations of fine and coarse aggregate 
were used, the requirement being compliance with the 
above specifications. The work was done in the labora- 
tory of the Public Roads Administration during 1936 
at the request of the State Highway and Public Works 
Commission of North Carolina. The purpose was to 
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establish the cement factor required for various com- 
binations of available aggregates, the information thus 
obtained to be used as the basis for bidding. Seven 
sands and 13 coarse aggregates, all commercially avail- 
able in North Carolina, were investigated. The 25 
combinations of materials were selected on the basis 
of economic availability and represented practically all 
combinations of aggregates that were likely to be en- 
countered in practice in that State. 

As will be noted from table 1 the sands varied in 
erading over a wide range, the fineness modulus of the 
finest being 2.12 and that of the coarsest, 3.37. All 
coarse aggregates were separated into three sizes and 
recombined for test in accordance with the grading 
shown in table 2, the maximum size being 2 inches. 
This table also gives the mineral composition of both 
the fine and coarse aggregates as well as their physical 
properties. One lot of cement, meeting all A. S. T. M. 
requirements, was used throughout. 

In order to determine the required cement content 
for each combination of materials it was decided to 
establish directly the relation between cement content 
and flexural strength at 14 days, using mixtures with 
five different cement factors as follows: 4.4, 5.2, 6.0, 
6.8, and 7.2 sacks of cement per cubic yard of concrete. 
This procedure also afforded an opportunity to establish 
the corresponding relations between water-cement ratio 
and flexural strength. 

TABLE 1.—Sieve analysis of fine aggregates for concrete mixes 
using North Carolina aggregates 

Percentage retained on sieve no.— 4G 
: ineness 

Fine aggregate miodalns 

4 8 16 30 50 100 

Le Pe oases 0 0 2.8 35. 8 77.3 95.9 212 
) je Se ee eae 0 0 5.3 42.8 79. 4 94.4 2. 22 
So ea a ate .5 4.0 19.6 58. 0 93. 1 99. 4 2. 75 
tae aera eo teeta ee ea .2 4.1 21.2 63. 2 93. 2 99. 0 2. 81 
ee ee ee 0 7.3 26. 8 62.1 89.3 97.2 2. 83 
(Seas 5 OES re ke <a! 7.1 30.4 68. 3 91.0 98. 4 2. 95 
(bs eee Oe 3 14,6 44.2 81.2 97.6 99. 4 3. 37 

The decision to design the mixes on the basis of a 
fixed cement factor rather than by the use of fixed 
water-cement ratios was made because of the fact that 
in the North Carolina specifications the final pro- 
portions are stated in terms of a fixed cement factor for 
each aggregate combination. The problem, therefore, 
resolved itself into one of designing 125 different 
concrete mixes: Five cement contents with each of the 
25 combinations of aggregates. The problem was com- 
plicated by the fact that both angular and rounded 
coarse aggregates were used in combination with sands 
graded from extremely fine to extremely coarse. 

In keeping with North Carolina practice the different 
mixes were designed with a view to maintaining a 
minimum of sand consistent with satisfactory work- 
ability at a consistency corresponding to a slump of 
2% inches. This was accomplished by making numer- 
ous trial batches, the ratio of fine to coarse aggregate 
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TABLE 2.—Physical properties of aggregates for concrete mixes using North Carolina aggregates 

STONE 

Weight per cu. ft.1 Voids Abrasion loss 
n Bulk spe- Absorp- 

Aggregate Type cifie gravity tion 
Dry rodded| Dry loose |Dry Ja Dry loose LosAngeles?, Deval’ 

Pounds Pounds Percent Percent Percent Percent Percent 
Le Se eee DolOnUtés it eek. Be ee er ee ee eee 2.85 105 97 0. 27 30.4 4.3 
Dake See eee ee ee oe ee Ola ee ee oe eee, 2.82 103 93 42 47 . 56 33.0 5.0 
Oss oe Dilniestone 3o0- tees ee ae ee Ie eg ee Poe OK) 102 92 41 47 44 Piet 2.6 
Ae a ee eee ees Granites © ve. 262 ee ee ee 2. 69 101 91 40 46 . 46 eal 4.0 
6) eee eee Bia sd Oe ne, ae ee ee ee ee Pe 2.65 102 93 38 44 46 53.5 2.6 
65825.2 =. eee a eee GOS: Se ree AEN Se ren oe See 2. 64 102 92 38 44 . 58 37.9 2.4 
Tec nk oS SU ee ees. - | es dont PRR Pe Ee FA = aes! 2. 63 100 91 39 44 . 52 58.4 3.9 
eee ee ee a Se oe oe || ee (eo RP Ee. | GaP Sa aL yAR OE! gs SO, Se ESR 658 2. 62 95 87 42 47 . 28 30.1 2.0 
ee ee a ie RS 8 Male GLO, = se AE TR oe Ae ee 2. 62 100 90 39 45 44 41.9 3.6 

GRAVEL 

0) anes we eee Gneisse S220 et oo 2S ee a oe ee 2. 67 106 98 36 41 1.19 47.9 18.5 
Loe Sree Soe he QUaTIZ. Se ee a eee eee 2.63 lil 103 32 37 .22 53.7 14.6 
ae ACR Set Rees doh. 2 ae. Ne es Ma ee ee eee Oe 2. 63 109 103 34 37 . 28 40.9 852) 
1 ie ty bey, en a | A G5 ee oe ee ee ee Ee ee ee 2. 63 111 104 32 BY/ PB2 54.9 19.4 

SAND 

ieee Seen = ede oe Quarta ee Dake. sleet eee Pe eee 2. 64 98 91 40 45 0.40 3.02.00) ae ee 
TMs thse) oe, Mace Sales OA Me C6 Kop nian Care BNO Bip 8 ws GUS RS a 2. 63 100 93 39 43 <00%). 2 eg eee 
Pepe Re he sk PR Gos oe ae ee ee eee ee 2. 63 98 93 40 43 AQ) Jee ee 
(ie gh eee Fee Oe Se RESP See O32 22 See Sse re aa 2h ae ee ae 2. 64 98 92 40 44 40) 1s. eee 
Sgt = eee See | ee Go 2eGe Fo) 2ee en 2 ee eee 2. 66 103 97 38 42 36:22. Se ee ee 
ee ee ee = 00: 2 spo Pee ee ee ee See Be Re oe! 2. 64 101 94 39 43 32 || 22k oe eee 
i fof ee I od SE LOLs go ee Se eee ee eee eee 2. 60 99 94 39 42 10°) gecncn lees | er 

1 All coarse aggregates proportioned to give following grading in concrete. Unit weights determined for this grading: ‘Paani 

Total retained on 2-inch siéye- 2.45222. tse 2. fy ee ee ees Pe ee ee a ee ee ee ee 0 
Total-retained on 1}4-inch ‘sieve: = 2223.22 eon ae x ea ee ee a a ee 15 
‘Total retained on 34-inch sleVe:ic.5:2..2.. 245-8 2 ee i ee ee ee ee eee 70 
otal retained’onNO./4 sie yOssaa= seen oee ee eee ee EE eee OTe RES ee Sh ate AON op REO nae See SORTED OF. ee LTO eS ee ee ee 100 
Fineness: modulus:®. = cas eee ee ee eee ee ees as 

2 Grading A used with both stone and gravel. 
3 Grading A used with gravel. 

being adjusted, in each case, until, in the opinion of the 
operator, the minimum sand content was reached. 

The final proportions for each of the 5 cement factors 
and for each of the 25 aggregate combinations are shown 
in table 38. This table includes, in addition to the mix 
proportions by weight, the water-cement ratio by 
volume, the value of W,, that is, the volume of water 
in a unit volume of concrete, the ratio b/b) as defined 
by Talbot and Richart,’ the mortar voids ratio,’ the 
percentage of sand by weight, the fineness modulus of 
the combined aggregate, and the resulting slump in 
inches. 

SEVERAL THEORIES OF MIX DESIGN TRIED 

In view of the fact that it was necessary to design 25 
different mixes for each cement content, attempts were 
made to apply certain theories of mix design to the 
problem of determining the proper percentage of sand 
to use in each case. An attempt to use the fineness 
modulus theory of Abrams * proved unsuccessful due 
to the fact that a fixed value for maximum permissible 
fineness modulus could not be used, even in the case of 
a given sand combined with several coarse aggregates 
of the same general particle shape. 

Next, an attempt was made to design on the basis of 
a fixed value for the mortar voids ratio, that is, a con- 
stant excess of mortar over the amount necessary to 

1A. N. Talbot and F. E. Richart, University of Ilinois Engineering Experiment 
Station Bulletin 137. The term b/bo is defined as the ratio of the absolute volume of 
coarse aggregate in a unit volume of concrete (6) to the absolute volume of coarse 
aggregate in a unit volume of coarse aggregate (ho). Stated in different terms, it is the 
apparent volume of coarse aggregate in a unit volume of concrete. The values given 
in table 3 are on a dry-loose basis. 

2 The ratio of the volume of mortar in a unit volume of concrete to the volume of 
the voids in the coarse aggregate, determined in a dry-—loose condition. 

5’ The Design of Concrete Misturee, by D. A. Abrams. Bulletin No. 1, Structural 
Materials Research Laboratory, Lewis Institute. 
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Stone sample consisted of 50 pieces weighing 5 kilograms. 

fill the voids in the coarse aggregate. This was found 
satisfactory so long as particle shape remained reasona- 
bly constant. However, as will be noted in table 3, a 

TaBLE 3.—Data on concrete mixes using North Carolina aggregates 

CEMENT FACTOR—4.4 SACKS PER CUBIC YARD 

Aggregate Hine 

Proportions cement 7 oi “total THeee 
; by weight beso Wet | b/bo voids ote ae com- Slump 

Fine | Coarse area? ratio weight ae 

gate 

Pounds Percent Inches 
i\ 94:254:548 1.04 |0.169 /0.920 | 1.19 Olan 5. 88 2.4 

1 2 94: 264: 524 1,08 | .176 | .920 | 1.18 33. 5 5.79 2.3 
3 94:267:519 1:06 ||..173 | <920 || 1.18 34.0 6.77 2.3 

10 94: 226: 553 OTe ee LOSa O20 |p aed 29.0 6.11 2.5 

4 94: 256: 514 1.04 | .169 | .920 | 1.19 33. 2 5. 88 2.5 
5 94: 240: 526 1.02 | .166 | .920 | 1.20 31.3 6.01 2.7 
6 94: 245: 520 1.01 | .164 | .920 | 1.20 32.0 5.98 2.5 

9 7 94:246:515 | 1.02 | .166 | .920 | 1.20 32.3 5. 96 2.4 
fe 8 94: 263:492 POST he kZdanl 920) late 34.8 5. 83 2.6 

g 94:251:508 1.02 | .166 | .920 | 1.19 33.1 5. 93 2.4 
11 94: 205: 583 .86 | .140 | .920 | 1.23 26.0 6. 31 2.6 
13 94: 200:587 .86 | .140 | .920 | 1.24 25. 4 6. 35 2:5 

4 94: 272:492 1.07 | .174 |°.880 | 1.30 35. 6 5. 94 2.4 
5 94: 263: 501 1.03 | .168 | .880 | 1.31 34.4 6. 02 2.6 

3 6 94: 263:497 1.04 | .169 | .880 | 1.31 34. 6 6. 02 2.5 
7 94: 267:492 1.03 | .168 | .880 | 1.31 35. 2 5. 99 2.4 
9 94: 272: 486 1.03 | .168 | .880 | 1.30 35.9 5. 96 2.5 

4 13 94: 224:550 .95 | .155 | .860 | 1.45 28.9 6. 32 2.6 

5 uf 94:274:492 | 1.01 | .164 | .880 | 1.31 35.8 6.00 2.5 
9 94:276:486 | 1.03 | .168 | .880 | 1.30 36. 2 5. 98 2.5 

4 94: 280:480 1.10 | .179 | .860 | 1.36 36.8 5. 96 2.4 
6 6 94:277:486 L085 cel 68) 1. S60 Laer 36.3 6.01 2.4 

il 94: 237:545 -90 | .147 | .860 | 1.44 30.3 6. 30 2.6 

7 { 7 94:297:458 1.04 | .169 | .820 | 1.50 39.3 6. 02 2.3 
12 94: 261:519 89 | .145 | .820 | 1.59 33. 5 6.27 2.4 

1 Volume of water per unit volume of concrete. 
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TaBLE 3.—Data on concrete mixes using North Carolina aggre- 
gates—Continued 

CEMENT FACTOR—5.2 SACKS PER CUBIC YARD 

TABLE 3.—Data on concrete mixes using North Carolina aggre- 
gates— Continued 

CEMENT FACTOR—6.8 SACKS PER CUBIC YARD—Continued 

Aggregate Fine- Aggregate Fine- 
—-— w iM Se ness ——_ — r ‘) Q ness 

Proportions /ement ES GaN Proportions (eement Bee tonal [goer byawelght pete Wet) b/b0 | ids ie con. | Slump ie walent sae W.1| b/bo Bee aggre- ue Slump 

Fine | Coarse 5 ratio | 22% DY! bined Fine | Coarse AC ratio | 22% PY! pined 
ume weight agere- ume weight aggre- 

gate gate 

Pounds Percent Inches Pounds Percent Inches 
1| 94:208:459 | 0.87 0.168 |0.910 | 1.22} 31.2] 5.90 2.5 4 13| 94:130:343 | .61 |.1541.980/1.55| 927.5| 6.40 2.6 
2| 94:216:438| .91 | .175|.910| 1.21] 330] 5.81 2.6 

-=--- 3| 94:217:434 | .90/].173 | .910| 1.21] 33.3] 5.80 2.5 p { 7 | 94:161:307 | .65|.164 | .8507 1.40} 344] 6.07 2.6 
10 | 94:183:463 | .82 | .158| .910| 1.24] 28.3] 6.15 2.6 9| 94:164:302| .65|.164|.85011.39| 35.2] 6.03 2.7 

4| 94:207:430 | .89/].171 | .910/ 1.22} 325] 5.93 2.6 4| 94:165:301 | .70|.176| .830| 1.44] 35.4] 6.03 2.5 
5 | 94:199:438 | .85 | .164 | .910| 1.23] 31.2] 6.02 2.6 6 @| 94:161:303 | [67] .169 | .830]1.46| 34.7] 6.08 2.6 
6} 94:199:435 | .86|.166 | .910 | 1.23] 31.4] 6.01 2.6 11| 94:137:340 | 150 | :149 |] .830| 1.54] 28:7] 6.38 2.5 

‘ 7] 94:202:430 | .86|.166|.910| 1.22] 320] 5.99 2.5 
gas >= = 8 94:215:410 PRO MEM er OlOn jets ot 34. 4 5. 85 2.5 7 { 7 94:178: 286 .65 | .164 | .790 | 1.59 38. 4 6.05 2.5 

9| 94:205:425| 86 | .166|.910/ 1.22! 325] 5.95 26 12] 94:152:323 | 158 |.146].790|1.71| 32.0] 6.34 24 
11| 94:169:486 | .72|.139].910|1.27| 25.8] 6.32 2.5 | 
13 | 94:162:491 | .73/ .141 | 910 | 1.27| 248] 6.37 2.5 a7 ; 

CEMENT FACTOR—7.2 SACKS PER CUBIC YARD 
4| 94:225:411 | .89 | .171 | .870 | 1.32] 35.4] 5.96 2.5 3 lo 
5 | 94:217:420 | .85 | .164 | '870/1.34| 341| 6.04 2.6 

eee Je 6| 94:218:417| (85 | 1164 | 8701 1.341 3431 6.02 26 1| 94:137:322 | 0.63 |0.168 10.885 | 1.28] 29.8] 5.98 2.6 
7| 94:218:412 | .87|.168 | .870/1.33| 346] 6.02 al 2| 94:143:308 | .65| .173 | .885|1.27| 31.7] 5.88 2.6 
9 94: 222: 407 SST LOS a eS OMimicso 35.3 5.99 OU GUE Ses bakd ees 3 94:145:305 SEE cule jf steht |i Leaf 32. 2 5. 86 2.5 

10 | 94:119:325 | .60| .160|.885|1.31| 26.8] 6.23 2.6 
4.__...--|  18| 94:184:459| .79 | .152|.850/1.48| 28.6] 6.34 2.6 

4] 94:136:302 | .64| .171 | .885 | 1.28] 31.1) 6.00 2.5 
; f 7| 94:224:412|. .85 | .1641 .870| 1.33] 35.2] 6.03 2.6 5 | 94:128:309 | (62 | 2165) .885| 1.30] 29.3] 6.12 2.5 
=-==-=--\) 9 | 94:294:407 | .87 | 1168 | 870 | 1.38 | 35.5] 6.02 2.6 6 | 94:130:306 | .62| .165 | .885| 1.29] 29.8] 6.10 2.5 

4 7| 94:133:302 | 162 | .165 | .885| 1.29] 30.6] 6.96 2.4 
4| 94:931:401 | .92| 2177 | .850 11.39] 36.6| 5.98 97 | 22---=9-- 8| 94:141:289) [64 | .171-| 1885] 1.28] 328] 5.94 2.4 

i ee 6 94: 224:407 .88 | .170 | .850 | 1.40 35.5 6.05 2.6 9 94:135;299 .62 | . 165 | .885 | 1.29 31.1 6. 04 2.4 
11 94:194:455 .76 | .146 | .850 | 1.48 29.9 6. 31 2.6 11 94:105:341 HOS) | lai a) soso) de 3D 23. 5 6.45 2.5 

13} 94:102:345 | 155 | 1147 | 885} 1.35 | 22.8] 6.49 2.4 
; f 7| 94:243:382] .88|.170].810/ 1.53] 38.9] 6.03 2.5 

<= 2 22--- { 12 | -94:212:433 | 76 | 146 | 1810} 1.63 | 32.9] 6.30 2.5 4| 94:151:289 | .63] .168 | .845 | 1.40) 343] 601 2.6 
5 | 94:144:204| (61 | .163| .845/1.42] 32.9] 6.10 2.6 

Ook eo 6| 94:146:292 | 61 | .163.| .345| 1.41 | 33.3| 6.08 2.6 
94:146:289 | .62|.165 | .845| 1.41) 33.6] 6. 2 

CEMENT FACTOR—6.0 SACKS PER CUBIC YARD 5 | oartaniase | lea | lie8 | eas} iat} aha] aoe] 26 
& 

Oe 13 | 94:120:322| .58| .155] .825/1.58| 27.1] 6.41 2.5 
1|  94:173:393 | 0.76 |0.169 |0.900 | 1.24 | 30.6] 5.94 2.5 

1 2 94:181:377 .78 | .173 | .900 | 1. 24 32.4 5. 84 2.6 a 94:149:289 .61 | ,163 | .945 | 1.41 34.0 6.09 2.6 

Tehig 3 94:181:373 78 | .178 | .900 | 1. 24 32.7 5, 84 227. | Baa-e9--=- { 9 94:151:285 .62 | .165 | .845 | 1.41 34.6 6. 06 2.5 
10 | 94:153:307 | [71 | .158 | .900| 1.27] 27.8] 6.17 2.6 

‘4 | 94:155:280 | .66| .176| .825 | 1.46| 35.6] 6.02 2.5 
4 94:174:369 720). 169: |, . 900) |) 12:24 32.0 5,95 2,6 iv”, eee 6 94:150:285 63 . 148 825 | 1.49 34.5 6. 09 9.4 

5 94:162:377 .75 | .167 | .900 | 1.25 30. 1 6.07 2.6 ll 94:127:318 56 | .149 | .825 | 1.57 28.5 fi, 39 2.5 
6| 94:166:372 | .75|.167].900| 1.25] 30.9] 6.04 2.5 

2 7 94:167:369 sto |) 216%) 5900) | 1.25 31.2 6, 02 2.6 7 7 94: 165: 267 .62 | .165 | .785 | 1.62 38.2 6. 06 2.5 

“ea 8 | 94:181:352 | .77|.171 | .900| 1.24] 34.0] 5.88 DBT epee ee { 12| 94:141:304 | .55 | 5147 | 1785 | 1.74 | 31.7 |. 6.35 2.5 
9| 94:167:365 | .77|.171 | .900| 1.25] 31.4] 601 2.6 | 

11| 94:138:417| 164] .142|.900|1.30| 24.9] 6.37 2.5 _ 
13 | 94:133:422 | [641.142] :900/1.30| 240] 6.42 2.4 

; : 
4|  94:189:353 | .77|.171 | .86011.36| 349] 5.98 2.7 change from angular _to rounded coarse aggregate re- 
5 | 94:182:250) .74 | .164 | .860 | 1.37] 33.6] 6.06] 2.7 | gulted in an increase in the value of this ratio. (Com- 

Rea. 6 | 94:184:356 | .74| .164 | .860|1.37| 34.1] 6.04 2.6 : : : : ; : 
7| 94:185:353 | 74 | .164|.860|1.37| 344| 602| 24 | pare combinations 2-4 to 2-9, inclusive, with combina- 
9| 94:187:348 | .75| .167| .860|1.36| 35.0] 6.00 27 | tions 2-11 and 2-13.) 

hit step 13 | 94:155:394 | .68] .151 | .840/1.52| 28.2] 6.36 2.5 This particular difficulty was overcome by using a 

- f 7| 94:189:353 | .73|.162|.860/1.37| 349] 604] 26 | fixed value of 6b/bo in place of a constant mortar voids 
i ee ee le eee aeration: Alten making many. trial batches it was found 
4| 94:106:344 | .78 | .173 | 840) 1.42] 363] 599| 25) that, for a given cement content and a given sand, a 

aes 6| 94:191:348| 175 | .167|.840|1.43| 35.4| 6.05 2.4 = : 
11 | 94:165:389 | 165 | 1144 | 1840 /1151| 29.8] 632] 23 | constant value of b/by could be used irrespective of type 

5 | 7\° 94:206:928 | 75 | .167 | .800|1.56| 38.6] 605| 94 | Of coarse aggregate. (See table 3.) It was noted, 
oo eae). 278) 2001 CATE Re Se aoe furthermore, that certain consistent changes in 6/bo 

CEMENT FACTOR—6.8 SACKS PER CUBIC YARD 

1 94:150:343 | 0.65 |0.164 /0.890 | 1.28 30. 4 5. 95 2.3 
1 2 94:156:327 SOS Mee Liles « S00) ele 26 32.3 5. 85 2.6 

3 94:158:324 . 67 | .169 | .890 | 1.26 32. 8 5. 84 2.6 
10 94:128:347 .63 | .159 | .890 | 1.30 26, 9 6, 21 2.6 

4 94:148:321 OSes Lal 800} kaze 31.6 5. 98 2.5 
5 94:139:327 .66 | .166 | .890 | 1.28 29. 8 6.09 2.6 
6 94:143:324 .65 | .164 | .890 | 1.28 30. 6 6, 06 2.5 

2 7 94:14] :322 207}. 169) | 78904) 1028 30. 5 6. 06 2.6 
8 94: 153; 307 .68 | 171 | .890 | 1.27 33. 3 5. 92 2.6 
9 94:144:317 . 67 | .169 | .890 | 1.28 31.2 6. 02 2.6 

11 94:115:364 .57 | .144 | .890 | 1.34 24.0 6. 42 2.5 
13 94:110:368 .58 | .146 | .890 | 1.34 23.0 6. 48 2.5 

4 94:164:307 . 66 | .166 | .850 | 1.39 34.8 5. 98 2.5 
5 94:156:313 .65 | .164 | .850 | 1.41 33.3 6.08 2.6 

3 6 94:159:310 .64 | .161 | .850 | 1.40 33. 9 6.05 2.5 
7 94:159:307 .65 | .164 | .850 | 1.40 34.1 6. 04 2.6 
9 94:161:302 . 66 | .166 | .850 | 1.39 34.8 6. 02 2.6 

resulted from changing the cement factor and sand 
grading. Thus, for a given sand, table 3 shows that an 
increase in the cement factor of 0.8 sack resulted in a 
decrease of 0.01 in 6/by for equal workability. Further- 
more, as the sand used became coarser, 1t was found 
necessary to reduce the value of b/bo. Thus at 6.0 sacks 
per cubic yard the value of this ratio decreased from 
0.90 for sand No. 1 (F. M.=2.12) to 0.80 for sand No. 7 
(EME == 3:37). 

It is believed that the systematic variation in 6/bo 
with changes in cement content revealed by these tests 
together with the principle stated by Lyse * in 1932 to 
the effect that, for a given combination of materials 

4Inge Lyse, Tests of Consistency and Strength of Concrete Having Constant 
Water Content. Proceedings A. S. T. M., vol. 32, pt. II, 1932. 
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and a given consistency, the total quantity of water per 
unit of volume of concrete (W,) is constant regardless 
of the cement content, makes it possible to simplify 
considerably the problem of designing mixtures of vary- 
ing cement content. Having established by trial the 
proper value of 6/6) to use with given aggregates and 
with a given cement factor, the proportions required for 
the same consistency with any other cement factor may 
be obtained by computation, provided the aggregates 
have the same gradations as those used in the trial 
batch. This will be illustrated by an example. 

Given a mix having: 

The proportions 94:274:492 by weight. 
Water-cement ratio 1.01 by volume. 
Specific gravities of materials: Cement, 3.16; 

fine aggregate, 2.66; coarse aggregate, 2.63. 

Percentage of voids in coarse aggregate (dry—loose), 
44.5, the corresponding solid volumes per 1-sack batch 
would be as follows: 

94 Cu. ft. 
@ement sop) se mee 62.43. 16---- 48 

: 274 
Fine aggregate Lik i Beech te ah aw 62.4%9.66-°°- 65 

492 
Coarse aggregate________ 62.422. 63---- S58 00 

Waters( W)C pel eee —101 

Yield 225. 220 22th Oho == 4. 

Cement factor==47=4.4 sacks per cubic yard. 

| ees 00ers Bulk volume of coarse aggregate=7—9 — 0. 445 

= 5.41 cubic feet. 
541 Then b/bo=6 74 0-88. | 

Water per unit volume of concrete (W,) 
msoie 
aes 1470: 164. 

Having analyzed the above mix and determined the 
values of 6/b) and W, as 0.88 and 0.164, respectively, 
another mix will be designed with the same materials 
but with a cement factor of 6.8 sacks of cement per 
cubic yard of concrete, an increase of 2.4 sacks per 
cubic yard. 

Following the procedure outlined, the value for W, 
for the new mix would remain constant at 0.164. The 
new value for b/b) is determined as follows: For each 
increase of 0.8 sack per cubic yard in cement factor, | 
b/by is decreased 0.01. 

b/by is 0.88——=X0.01=0.85. 
The yield per 1-sack batch for the new mix would be 

Therefore, the new value of 

6.3394 cubic feet and the apparent or bulk volume 

of coarse aggregate would be 3.97X0.85=3.37 cubic 
feet. The corresponding solid volume of coarse aggre- 
gate (b)=3.37 X (1—0.445)=1.87 cubic feet; the solid 
volume of cement (c)=0.48 cubic feet; and the volume 
of water (W/C)=3.97 X0.164=0.65 cubic feet; making 
a total of 3.00 cubic feet. The only unknown quantity 
remaining is the volume of fine aggregate, which is 
determined by subtracting the sum of the solid volumes 
of coarse aggregate, cement, and water from the total 
yield. Therefore the solid volume of fine aggregate = 
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3.97—3.00=0.97 cubic feet. The complete propor- 
tions per 1-sack batch for the new mix would be as 
follows: 

Ou. ft. 
Cement: (olid).-. oe 0.48 
Rineaggregate (solid)..2222 22224 ae 0. 97 
Coarse aggregate (solid) 222 _ a ee 1. 87 
Water: (W/C@)2...--. 22 2 0. 65 

Total (solid). 225... 2 3.97 

Multiplying the above by 62.4 times the appropriate 
values for specific gravity gives the following: 

Weight proportions=94:161:307 
W/C=0.65 (by volume). 

LOW WATER-CEMENT RATIO MAINTAINED USING FINE SANDS 

By this procedure any mix, within a reasonable range, 
can readily be calculated provided the proper values of 
b/b) and W, have been predetermined on the materials 
under investigation and, further, provided the slump is . 
to remain constant. As can be seen from the example 
given above, the only unknown quantity in the mix is 
the amount of sand and this is determined by simple 
calculation. In these tests the water-cement ratio 
determined by calculation from the law of constant 
water per unit volume of concrete for a constant slump 
was not always the exact value needed to obtain the 
proper slump. However,.it was possible in all cases to 
make the proper adjustment by slight changes in the 
ratio of water to sand, keeping the sum of the absolute 
volumes of the two ingredients constant. Even though 
the general law did not hold precisely in all individual 
cases, that is, to the third decimal, the following tabula- 
tion, which gives average values for the 25 combina- 
tions, will illustrate its accuracy. 

Cement factor, sacks per cubic yard: W. 
4 AL esl ee SOR Se Se ee ee 0. 164 
6.22 cote See Sane ee ee ee oe oe 163 
6.0lolwlL odes ei U lls eee Se Se 163 
6.8.05- domes otpse Lee bie es 2 163 
Ue eae ee rae an Ph a 163 

In connection with the procedure employed, that is, 
the use of the highest value of 6/b) compatible with 
workability, it is interesting to note that for a given 
coarse aggregate and a given cement factor it was possi- 
ble to use approximately the same water-cement ratio 
irrespective of whether a coarse or fine sand was used. 
For instance, in table 3, using a cement factor of 6.0 
sacks per cubic yard, coarse aggregate No. 7 was used 
with sands 2,3,5,and7. These sands varied in fineness 
modulus from 2.22 to 3.37. However, the total range 
in water-cement ratio was only 0.02 (from 0.73 to 0.75), 
demonstrating that, by proper proportioning, it is possi- 
ble to maintain a low water-cement ratio when using 
fine sands. 

The concrete was mixed in a laboratory mixer of the 
type shown in figure 1. In order to approximate 
field conditions, the coarse aggregate was handled in a 
saturated surface-dry condition and the sand n a wet 
condition, correction for the free water in the sand 
being made when computing the water-cement ratio. 
Test specimens consisted of 6- by 6-inch beams, 21 
inches long. In all, 625 specimens—25 combinations 
of material, times 5 mixes, times 5 specimens per mix 
made on each of 5 different working days—were 
fabricated. All strength tests were made at 14 days, 
the specimens being tested by the third point method 



September 1940 

FiaurE 1.—Lasoratory Mixer Usrep IN PREPARING TEST 
MIxTURES. 

in accordance with A.S. T. M. Method C 78-39. The 
specimens were placed in the testing machine with the 
side, as molded, in tension. 

The average flexural strengths for each combination 
of materials for each of the five different proportions 
are given in table 4. In discussing these results the 
various combinations of materials will be referred to by 
number. Thus, combination 2-4 refers to sand No. 2 
combined with coarse aggregate No. 4. In order to 
illustrate the method of plotting the results for the 
purpose of determining the required cement factor for 
a specified modulus of rupture, two examples will be 
given. 

CHART ENABLES COMPUTATION OF MIX DESIGN 

Figure 2 shows a typical chart giving the relations 
between modulus of rupture and cement factor, water- 
cement ratio and cement factor, and percentage of 
sand and cement factor. Considering first the strength- 
cement factor relationship, it will be noted from the 
curve that the required amount of cement to produce a 
modulus of rupture of 550 pounds per square inch was 
5.1 sacks per cubic yard. The corresponding water- 
cement ratio was 0.91 and the percentage of sand 34. 
From this type of chart a complete mix design could be 
computed for any strength specified within the range 
covered. In figure 2 for instance, the range in strength 
would be from about 500 to 700 pounds per square inch. 

Frequently specifications for concrete contain a 
limiting value for water-cement ratio in order to 
assure durability. Assuming a maximum allowable 
value of 6 gallons per sack (W/C= 0.80 by volume), it 
will be observed from figure 2 that the required strength 
was obtained with a water-cement ratio of 0.91, which 
is more than allowable. From the water-cement ratio— 
cement factor curve it is seen that, in order to keep 
within the limits dictated by durability considerations, 
it would be necessary to use a cement factor of 5.8 

P UO BITRGRRO A DiS 125 

800 50 1 Il 

700 455 4 1.0 

600 40 

500 35 

30 

WATER-CEMENT RATIO BY VOLUME 

MODULUS OF RUPTURE, I4-DAYS -POUNDS PER SQUARE INCH 

SAND - PERCENTAGE OF TOTAL AGGREGATE BY ABSOLUTE VOLUME 

300 + 25 0.6 

RELATION BETWEEN CEMENT FACTOR AND 

O-FLEXURAL STRENGTH 

X-WATER-CEMENT RATIO 

A-PERCENTAGE OF SAND 
200 ee E 20 + 0.5 

oe iS) 6 7 8 

CEMENT FACTOR -BAGS PER CUBIC YARD 

GGREGATE| NUMBER | TYPE SP GR. eo FM | 

FINE 2 SAND 2.63 0.50 2.22 

COARSE 8 GRANITE | 2.62 0.28 | eS 

FigurE 2.—Concrete Mix Drsign CHart FoR COMBINATION 

sacks per cubic yard instead of 5.1 sacks, the resulting 
flexural strength being in excess of 600 pounds per 
square inch. 

TABLE 4.—Average flexural strength, 14 days, of 6- by 6-inch 
beams tested on 18-inch span with third-point loading, for con- 
crete mixes using North Carolina aggregates 

Aggregate Modulus of rupture! for cement factor 
(sacks per cubic yard) of— 

Fine Coarse 
4.4 5.2 6.0 6.8 7.2 

Lb. per | Lb. per | Lb. per | Lb. per | Lb. per 
sq. in. sq. in. Sq. in. sq. in. sq. in. 

1 470 615 655 795 765 
1 2 460 575 655 695 755 
ie a hae sa nag a aa 3 435 570 715 730 745 

10 380 425 510 535 545 

4 455 510 540 630 655 
5 430 505 575 635 630 
6 475 570 620 640 615 

2 ui 440 505 555 610 640 
CMe SL Or ae 8 470 565 630 680 720 

9 470 565 600 665 680 
11 490 500 545 635 635 
13 430 485 535 560 615 

4 350 470 570 600 610 
5 340 470 560 600 630 

Bie eae ea ee 6 355 470 565 645 630 
if 365 445 575 610 625 
9 390 495 620 665 660 

(Oe ee Rh ce ee 13 430 485 510 585 585 

5 7 395 490 565 610 670 
oe aloe ee ai es clean ae 9 895 510 615 675 695 

4 425 490 530 630 620 
Goer ne eeu ee 6 465 545 585 685 670 

11 480 515 575 635 655 

7 { 7 395 490 565 630 620 
alist Chg a ata iad 12 505 555 630 675 685 

LA VOT AS Os me ae tee sees 428 513 584 642 654 

1 Kach value is average of 5 tests. 
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WATER-CEMENT RATIO BY VOLUME 

SAND - PERCENTAGE OF TOTAL AGGREGATE BY ABSOLUTE VOLUME 

300 0.6 

RELATION BETWEEN CEMENT FACTOR AND 

O-FLEXURAL STRENGTH 

X-WATER-CEMENT RATIO 
A-PERCENTAGE OF SAND 

200 L =) J 20 ANOS) 

4 fa 6 i 8 

CEMENT FACTOR - BAGS PER CUBIC YARD 

AGGREGATE] NUMBER | TYPE SPCR iy on Rae ale teaa 

FINE SAND 2.63 0.40 os 
GRANITE 0.46 Toit COARSE 

FiaurRE 3.—ConcretTe Mix DersigN CHART FOR COMBINATION 
3-5. 

2.65 | 

Figure 3 gives the same type of data for a different 
combination of materials. The required cement factor 
as determined from the curve is 5.9 sacks, with a cor- 
responding water-cement ratio of 0.75. In this case the 
strength is the governing factor while in the former case 
the maximum allowable water-cement ratio governs. 

Charts similar to figures 2 and 3 were drawn for each 
of the 25 combinations of materials and the required 
cement factors obtained from the strength curves as 
illustrated. These cement factors are enumerated in 
table 5 and show values ranging from 4.9 sacks for 
combination 1-1, to 7.1 sacks for combination 1-10, or, 
for all practical purposes, from 5 to 7 sacks. In view 
of the fact that the same sand was used in both com- 
binations, the strength differential in this case is a 

TABLE 5.—Cement factor required for 550 pounds per square inch 
modulus of rupture, third point loading, for concrete mixes using 
North Carolina aggregates 

| 

a3 , | Coarse Cement : Coarse Cement 
Fine aggregate | sooregate| factor Fine aggregate | acoregate| factor 

Sacks per Sacks per 
cubic yard cubic yard 

1 [eee eee ee 13 6.4 
1 2 5. 1 

: 3 5.1 5 { 7 5.9 

10 | 7M Wire 9 5.5 

4 5.8 4 6.0 
5 B71) 1G Saher oe 6 5.3 
6 Oak 11 5.6 

PS eo ae 7 6.0 

8 lial 7 7 5.9 
9 O. Oui aaaeee ar ee pomeaan { 12 5.0 

11 5.8 
13 6. 2 

4 5.8 
5 5.9 

Sele gS = eee ee 6 5.9 
7 6.1 
9 6.5 

@ (e) (e) 

COMBINATION 1I- 
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Figure 4.—RELATION BETWEEN CEMENT FACTOR AND FLEX~ 
URAL STRENGTH OF CONCRETE. (AVERAGE CURVE AND 
Maximum RANGE.) 

direct function of the concrete-making properties of 
the two coarse aggregates. 

In order to illustrate better the effect of aggregate 
characteristics upon flexural strength, figure 4 is shown. 
Three flexural strength-cement factor curves are given, 
one for combination 1-1, one for combination 1-10, and 
one for the average of all 25 combinations of materials, 
thus representing the average and the extreme ranges for 
the entire series of tests. From the shapes of the two 
extreme curves it is seen that they tend to converge 
at the lower cement factors. This is to be expected 
because of the fact that for very iean mixes the strength 
of the mortar determines the flexural strength of the 
concrete. However, as the cement content is increased 
and the mortar becomes stronger, the quality of the 
coarse aggregate and the bond between mortar and 
coarse aggregate become important factors. 

Coarse aggregate number 1 was a dolomite of excel- 
lent quality having a surface texture which gave good 
bond with the mortar. With this aggregate, the full 
strength of the mortar appeared to have been developed 
up to a cement factor of 7 sacks per cubic yard. Agegre- 
gate number 10 was a structurally weaker material so 
that the full strength of the mortar was not developed. 
If the water-cement ratio was the only controlling 
factor, the strengths of combination 1-10 should have 
been greater than those developed by combination 1-1 
because of the fact that lower water-cement ratios were 
used (table 3). Notwithstanding this fact, combina- 
tion 1—1 gave 26 percent greater strength for the leanest 
mix and 44 percent greater strength for the richest 
mix. At acement factor of 6 sacks per cubic yard, one 
commonly used for pavement mixes, combination 1-1 
gave 40 percent greater strength than combination 1-10. 
While in this particular instance the low strength was 
probably due to structurally poor material, this is not 
always the case. Frequently aggregates which are 
structurally strong give comparatively low flexural 
strengths in concrete because of the fact that the sur- 
face texture does not permit of sufficient bond to de- 
velop the full strength of the mortar. 

(Continued on p. 138) 



DETERMINATION OF THE KINEMATIC 
WIS€OSIIN OF PETROLEUM” ASPHALTS 
WITH A CAPILLARY TUBE VISCOSIMETER 

BY THE DIVISION OF TESTS, PUBLIC ROADS ADMINISTRATION 

Reported by R. H. LEWIS, Chem’st, and W. J. HALSTEAD, Jun‘or Chemist 

N many research investigations of bituminous mate- 
| rats the determination of consistency in poises or 

stokes is desirable since fundamental units give an 
accurate basis of comparison for different types of 
materials. Accurate comparisons are often very difli- 
cult to make from test values obtained by the use of 
empirical methods. In 1935, Messrs. Rhodes, Volk- 
mann, and Barker’ reported the development of a new 
viscosimeter of the capillary tube type for the determi- 
nation of the consistency of bitumens. They found 
that this instrument could be used to measure, at the 
same temperature, the absolute viscosity of all grades 
of road tars. Since its introduction, this instrument 
has been used in several investigations. Reports of 
these investigations 7° indicate that the instrument is 
useful and gives very accurate results. 

A study of the viscosimeter, the data of which are 
given in this report, was made to ascertain the accuracy 
and the scope of this instrument for determining the 
kinematic viscosity of asphaltic materials, more espe- 
cially petroleum asphalts of the 50-60 and 85-100 
penetration grades. The valie of these results for 
determining the viscosity-temperature susceptibility 
was also studied. Since at the present time there is 
much interest in these problems, the results of this in- 
vestigation are reported in detail for the benefit of 
those actively engaged in the testing of bituminous 
materials. 

INSTRUMENT USES PRINCIPLE OF CAPILLARITY 

The operation of the viscosimeter is described by 
Rhodes, Volkmann, and Barker’, as follows: 

With this new instrument, viscosity is determined by timing 
the flow of the material under test through a capillary tube. 
Contrary to the classical method of Ostwald, which utilizes gravi- 
tation as the driving force, the material is made to ascend through 
the capillary tube. This is accomplished by immersing in the 
sample to be tested the lower end of a capillary tube, the upper 
end of which is connected with a partly evacuated reservoir. Two 
fixed points are chosen on the capillary tube and the time re- 
quired for the passage of the air-sample interface between these 
points is noted. From the time, vacuum applied, the distance 
between points, and the radius of the bore of the capillary tube, 
the viscosity of the sample can be calculated. 

The equation for calculating the viscosity from the 
observed data was derived by Volkmann, Rhodes, and 
Work? from Poiseuilles’ equation for viscosity by 
capillary flow. This equation is: 

v 

E| Le <log (sa (L, | 

(oS lerevae ame 
1 New Viscosimeter for Bitumens Has Extended Range. Engineering News- 

Record, vol. 115, Nov. 21, 1935. 
2 Physical Properties of Coal Tars, by Volkmann, Rhodes, and Work. 

and Engineering Chemistry, vol. 28, June 1936. 
3 Consistency Measurements in the Coal Tar Industry, by Rhodes, Volkmann, 

and Barker. Symposium on Consistency, A.S.T.M., June 1937. 

(1) 

Industrial 

where 

v=kinematic viscosity in stokes, 
g=acceleration due to gravity (980 em. per sec.’), 
r=radius of capillary bore (cm.), 
h=vacuum in centimeters of water, 
A=length of capillary submerged in sample (cm.), 
/,=length of capillary filled with liquid at start of 

time interval (cm.), 
/,=length of capillary filled with liquid at end of time 

interval (cm.), 
p=density of sample at test temperature (gm. per 

cm, 5400. 
At=time of rise between /, and /, (sec.). 

As explained by the earlier authors, ' this equation is 
very difficult to use for extremely low values of the 
logarithmic expression. For this reason, they expanded 
the logarithmic expression into a series and obtained the 
equation in the following form: 

oo gr 
Nie [es es . Lo he / a= 

gle anaen Aika es Chae 2(2+%) 3(“+n) 4(4) 
p p p 

In this study equation 2 has been simplified by 
neglecting all but the first two terms of the series in 
the denominator. Since Xd is always controlled at 1.0 
centimeter, the value \=1 is used and the equation 
reduces to the following form: 

a Li! 7 ( 9 

pes gr’ 

At 4(l,?—1,”) 

ees Jie 2 Shh th’), 3(b+1,) ne 

p 3 (+h) ey ioaiet 2 (1? + lol, +4,”) 

p  3G40) 

A further approximation may be made by neglecting 
the last term in equation 3. The equation then 
becomes: 

Vig gr’ |= ial 2 (12? +h, +h”) 

At 4 (1,?—1,”) p . 3 (lp) 

This equation may be expressed in the following 
form: 7 

van H : aK ; )+e eer Ron (5) 
where 

vz—kinematic viscosity in centistokes, 
H=vacuum in centimeters of mercury, and 

kK, C=constants for chosen values of /; and /y. 

The constants K and C include all instrumental con- 
stants and conversion factors as shown in table 1. This 
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table also shows values of K and C for the various 
height intervals used in this report. 

APPROXIMATE EQUATIONS MAKE POSSIBLE USE OF VARIOUS 

VALUES FOR 1; AND kl 

The two approximations that have been made in 
deriving equation 4 have opposite effects. The omis- 
sion of all but the first two terms of the series in the 
denominator of equation 2 tends to increase the com- 
puted values of v/At, while the omission of the last term 
in equation 3 tends to decrease these values. The 
increase in computed values caused by the first approxi- 
mation will be greater for large values of /2 and small 
values of J;. For a given value of J, the decrease 
caused by the second approximation will be least for 
small values of J;. Therefore, the greatest error caused 
by the use of the approximate equation 4 will result 
when the value of /, is large and that of J, is small. 

TABLE 1.— Equations for calculating viscosity, and values of K and 
C for various values of 1, and |, 

yg Ph, | 2e+bh+t) 
NWS sey | “) 

or: 7 

Uae Jel 

Te) ee ae (5) 
where: 
Length of capillary submerged in sample=1.0 cm. 

Sie gr? 
Ke 4(1,2— 1,2) x DigX 100 

SP aera 

v= Kinematic viscosity in stokes, 
va— Kinematic viscosity in centistokes, 
At=Time of rise between 1, and l, (sec.), 
r= Radius of capillary bore (0.0571 cm.), 
g= Acceleration due to gravity (980 cm. per sec.’), 
1; = Length of capillary filled with liquid at start of time interval 

cm.), 
1,=TLength of capillary filled with liquid at end of time interval 

(cm.), 
h=Vacuum in centimeters of water, 
H=Vacuum in centimeters of mercury. 
p= Density of sample at test temperature (gm. per cm.°), 

Dy = Density of mercury at 25° C. (13.534 gm. per cm.?). 

ky le | K G hi la ike GC 

| 

2 3 | 216.20 —24. 5 3 5 67. 57 —15.4 
2 4 90. 09 —14,0 4 5 120. 10 —31.2 
2 5 51. 48 —10.3 3 8 19. 66 —7.1 
2 6 33. 78 —9.1 3 10 11.88 —5.4 
3 6 40. 04 —10.8 3 11 9. 65 —4.8 
aa 6 54. 05 —16.2 4 11 10. 30 —5.4 
5 6 98. 28 —32. 8 4 12 8.45 —4.8 
3 4] 154.50 —28. 8 

In this study the largest interval used was 1,=4 
centimeters, /,=12 centimeters. Intable 2 are shown 
comparisons of the values of »,/At obtained with the 
exact equation and the approximate equation 4. The 
exact calculations were made by equation 1 except 
where notation is made that equation 2 was used. For 
the purposes of comparison, these calculations have been 
carried to a greater number of significant figures than 
would ordinarily be employed in computing viscosities 
from the test results. Calculations are shown for the 
intervals /;=4 centimeters, /,=12 centimeters, the 
largest interval used, and /,=3 centimeters, /,=6 centi- 
meters, one of the intervals more frequently used in this 
study. The values of H/p included vary from 1.00 to 
7.31 and it is seen that for all values of H/p of 3 or more 
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the maximum error is less than 0.5 percent, the error 
decreasing rapidly with increasing values of H/p. 
Although for values of H//p even as low as 2.20 the maxi- 
mum error is only approximately 1 percent, for all 
values of H/p iess than 3 it will generally be desirable to 
compute viscosities by equation 1, or to use a graph 
constructed with calculations made by this equation. 

In this investigation, data on the specific gravity or 
density of the materials were available, and thus the 
kinematic viscosity has been reported. However, the 
absolute viscosity is desirable in many cases and for 
viscous asphaltic materials can be calculated within the 
accuracy of the method without the use of the density. 

Va 
TaBLE 2.— Comparison of values of Ai obtained with exact and 

approximate equations 

4,=4 cm., l2=12 cm. 4,=3 cm., 12=6 cm. 

Va Va 
H Values of Ai g Can Values of Ai me teas) 

p 

a (exact) a (exact) 
Exact |Equation 4 Exact Equation 4 

1.00 3.14 3. 66 1. 16561 28. 98 29.19 1. 00725 
1. 20 5. 00 5.35 1. 07000 37. 03 37. 20 1. 00459 
1.40 6. 78 7. 04 1. 03835 45. 07 45. 21 1. 00311 
1.80 10. 24 10. 42 1, 01758 61.13 61. 22 1. 00147 
2. 20 13. 67 13. 80 1. 00950 77. 16 77. 24 1. 00104 
2. 60 17. 08 17. 18 1. 00585 93. 18 93. 25 1. 00075 
3. 00 1 20. 47 20. 56 1. 00440 1109. 22 109. 27 1. 00046 
3. 62 1 25, 72 25. 80 1. 00311 1 134. 07 134. 11 1. 00030 
5.10 1 38. 23 38. 29 1. 00157 1 193, 26 193, 28 1. 00010 
Tol 1 56. 96 57. 02 1. 00105 1 282. 02 282. 04 1. 00007 

1 Values computed by equation 2 with 6 terms in the series. 

It has been shown (equation 5) that the equation for 
kinematic viscosity is: 

v= u=absolute viscosity in centipoises. 

Be H 
BLES + 

For high vacuums the constant Cis small compared 
to KH and the difference between C and pC would not 
affect the results appreciably since for bituminous 
materials the density is usually very close to 1 gram per 
cubic centimeter. 

In making the tests on asphalts it was found much 
more satisfactory to vary the values for 7; and /, with 
the general consistency of the material rather than use 
only the intervals 4 to 12 centimeters for materials of 
low viscosity and 2 to 4 centimeters for those of high 
viscosity, as suggested in the original report.! 

The values for the height intervals most frequently 
used in this investigation were}3 to 6 centimeters for 
the higher temperatures, and 2 to 4 centimeters for the 
lower temperatures in testing the semisolid asphalts. 
For the test runs on the liquid materials the intervals 
4 ei 12 centimeters or 3 to 11 centimeters were generally 
used. 

thus 

1 New Viscosimeter for Bitumens Has Extended Range. Engineering News- 
Record, vol. 115, Noy. 21, 1935. . s 
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The capillary tubes were calibrated by calculating the 
volume, and thus the diameter, from the weight of 
mercury necessary to fill the - tube over a definite 
recorded length. These calibrations were made both 
at the beginning and end of the tests. The results 
are shown in table 3 3 

The standard diameter is 0.1142 centimeters. An 
equation for the correction factors for the differences 
from this standard was derived; it is: 

Ad 

(Cocoa 
Vv 

(i) correct value, 

where 

V 5 

(3) =value computed for standard diameter. 
0 

ro=standard radius, and 

Ad=difference between actual and standard diam- 
eters. 

This is an approximate equation that gives results 
differing from those given by the exact equation by 
negligible amounts. 

TABLE 3.—Initial and final diameters of capillary tubes 

f 
. Initial Final 

Tube No. diameter diameter 

Cm. Cm. 
ee ee 0. 1149 0. 1150 
Bo ee Se Ses . 1144 .1141 
Oe En ee alan hee ee . 1149 

Using this equation, factors for each tube were found 
to be those given in table 4. 

Since the maximum difference between the correct 
and computed value is approximately 1 percent, the 
precision of the determinations did not warrant making 
the correction. 

APPARATUS MODIFIED TO GIVE MORE ACCURATE RESULTS 

For this work the sample container supplied with the 
instrument was discarded and a test tube of 8-inch 
length and 1-inch inside diameter was used. This per- 
mitted use of a larger amount of material, and the clear 
vertical wall of the tube enabled better vision. In 
addition, sufficient test tubes were available so that the 
samples could be stored and repeated determinations 
at various temperatures could be made. 

TasBie 4.—Conversion factors for diameters of capillary tubes 

Conversion factor 

Tube No. 

Initial Final 

pe ee re 1.012 1.014 
Neg pee LE 1. 0035 . 9982 
pe Te EES ae ee ee 1.012 

It was found that the centering and depth of immer- 
sion of the tube were important factors in obtaining 
accurate results. In order to insure accuracy, a 
special holder which fits tightly in the top of the tube 

25 4853—49——2 

FigurE 1.—Mopirigep Testing Unit (uerr), AND Unir Sup- 
PLIED WITH INSTRUMENT (RIGHT). 

was made. It holds the capillary in place with a 
finger spring just tight enough to allow it to slide 
easily but not slip. In addition to this holder, a paste- 
board disk cut to fit loosely in the test tube and tightly 
on the capillary, was placed on the tube approximately 
3 centimeters above the surface of the sample. The use 
of these appliances made it possible to locate the 
capillary exactly in the center of the tube and to deter- 
mine the depth of immersion accurately without diffi- 
culty. Figure 1 shows a photograph of the modified 
testing unit and the unit furnished with the instrument. 

Accurate temperature control was obtained by the use 
of a standard thermometer placed in a test tube con- 
taining asphalt of the same type as the material under 
test. This gave a measure of the asphalt tempera- 
ture at the center of the tube rather than the bath 
temperature. 
A large enough portion of the sample to be tested 

to fill about 1 inch of the tube was heated and poured, 
then allowed to cool to room temperature for 1 hour. 
It was then placed in the bath maintained at the test 
temperature and allowed to stand for at least 1 hour 
before testing. The capillary tube was put in posi- 
tion at least 20 minutes before the first determination. 

The reservoir was evacuated to the desired amount, 
the capillary connected to the system, and the stop- 
cock opened. The time of rise through the distance 
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l, to l, was recorded with a stop watch. The mercury 
manometer for the determination of vacuum was read 
at the beginning and at the end of the test. Under 
ordinary circumstances the vacuum will remain con- 
stant throughout the test since the decrease in volume 
of the air space resulting from the rise of the asphalt 
is infinitesimal compared to the total volume of the 
reservoir. 

The temperature, length of time, initial and final 
height, vacuum, and density of the material at test 
temperature were recorded. These data were then 
used to calculate the viscosity. 

The capillary tubes were cleaned by heating in a 
bath of nitrobenzene maintained at approximately 
100° C. by a boiling water bath. Air pressure was 
used to blow the asphalt out of each tube after it had 
softened sufficiently from the action of the heat and 
solvent. The tube was then washed clean in the same 
bath by alternate soaking and flushing, and the excess 
nitrobenzene removed with a current of air. The tube 
was allowed to cool slightly and then washed with 
ethyl ether and dried with air. Using this method, the 
tubes could be cleaned thoroughly in 3 to 5 minutes. 

Check determinations were made on the same samples 
after the capillary tube had been cleaned and replaced. 
In order to insure complete equilibrium the capillary 
was allowed to stand in the sample at least 20 minutes 
before each test. 

Samples that had remained undisturbed in the test 
tubes overnight or longer were preheated in an oil bath 
to 140-150° C. They were then allowed to cool to 
room temperature and the described procedure was 
followed. This preheating was found necessary in 
order to eliminate any effect of age hardening, except 
when the test temperature was 20 or more degrees 
above the softening point of the materials being tested. 
For these temperatures, tests showed no difference 
between results obtained on samples preheated and 
those placed directly in the bath. 

The following four variables must be recorded for each 
determination: Temperature of test, vacuum (/), 
initial and final values of J; and J, and the time of rise 
(At). However, three of these are independent and are 
made constant for each determination; that is, the tem- 
perature, the values of /, and 7,, and the vacuum. The 
time of rise is the only dependent variable and there is 
no difficulty in recording the necessary data. 

The viscosity can be calculated very easily by the 
use of the approximate formulas as derived. The time 
required is no more than that necessary when the chart 
supplied with the instrument .is used, and direct cal- 
culations eliminate the necessity for interpolating 
values of the density. It also makes possible the use of 
more convenient values for J, and Ip. 

FLOW GENERALLY UNIFORM THROUGHOUT LENGTH OF TUBE 

Seventy-eight asphalts, which are representative of 
nearly every source and method of manufacture used in 
the United States, were studied in this investigation. 
Thirty-nine of these materials were of the 50-60 pene- 
tration grade and 39 were of the 85-100 penetration 
grade. Physical and chemical tests, both routine and 
special, have been made on all these asphalts, and are 
included in a report by Lewis and Welborn.‘ 

4'The Physical and Chemical Properties of Petroleum Asphalts of the 50-60 and 
85-100 Penetration Grades. Annual meeting of Association of Asphalt Paving 
oma, Chicago, T]],, Jan, 1940. PUBLIC ROADS, March 1940, vol. 21, 
Yo 

Table 5 gives all available data on the source and 
method of refining these materials. Table 6 shows 
penetrations, softening points, and the kinematic 
viscosities at two temperatures of these asphalts. 

TABLE 5.— Source and method of refining asphalt cements 

Pro- 
Identifi- | ducer 
cation | iden- Source of base petroleum Method of refining 
No. tifica- 

tion 

i eee ae! uy California, Coalinga field_._..| Vacuum distillation. 
2 ee oe 2 California, San Joaquin Val- | Reduction and steam distillation. 

ley field. 
Begs Se ees 3s 5a doite ie Soe eee Do. 
4 eee. Alpe |e GO Rasa ae ee Steam distillation in continuous- 

tube still. 
LiNeye dy She 5 California, Elk Hills field.-.| Vacuum distillation. 
Glink SS se 6G=AgiColombiaueces==-sen =m ees Vacuum distillation with pipe still. 
(PR 2S et 7-A | Mexico, Ebano field___.____- Straight steam distillation. 
8 eee, 8 Mexico... a ee eee 
One ees 9 Mexico, Panuco field_______- Steam distillation in Trumble 

(pipe) still. 
102332 FO) ese dG sees Pe eee ae 
jl We eee 11 Oe Ses 22 FARA Eee Vacuum distillation in pipe still. 
12:2 ee 6-B Mexico See eee oer eee Do. 
1 ee ee a VOILEZ1G] Rass nee eee Fire and steam distillation. 
je eaters 13-A | Venezuela, Mene Grande | Continuous distillation under sub- 

field. atmospheric pressure with steam. 
152 ae 13-B do ta ee eee Distilled in batch stills at atmos- 

pheric pressure with steam. 
16. T—BuVienezUe Acer see eee Straight steam distillation. 
ult see 6-Ciiieeees C6 Kea ee es ae pep Vacuum distillation in pipe still. 
IMs 22e8 14 002. Stone es ee Steam distillation. 
19 Se5 15 Arkansas, Smackover field__| Vacuum distillation at a low tem- 

perature. 
D0 Jen T6=Ar=|eoese GMS 0 a. soe eee ee oe Vacuum distillation, 89 melting 

point flux. 
DA ee eerrar 16-B 0 28 ee eer Vacuum distillation, 101 melting 

point flux. 
29 oe. See 17 Arkansas, Nevada County__| Pipe still distillation unit and 

vacuum bubble tower. 
23 ween 18 Oklahoma, Cement and 

Walters field. 
D4 me 19=A SO klahomas2 saaee ee eee Vacuum distillation in pipe still, 

partially oxidized. 
Do. 
Do. 

21 Oklahoma, Healdton and 
Graham. 

EOL Sere 22 Kentucky and Illinois______- aut and steam distillation, possibly 
blown. 

31as2e. 23 Mexican - duo - sol - resid- | Steam distillation and air con- 
uum from Oklahoma version in batch Shell stills. 
crude. 

Eg Bee 24=A0 |p Kiansas#s eee =s = aera Straight run,steam refined, vacuum 
process. 

33 SER 2224-3 || ed One eee een eens Produced from Winkler-Koch 
Shell still. 

SA eee ii AW Nilegopeatioyre = oo Fire and steam distillation. 
Bie 20-Balt Unico Wiles ae eee Do. 
30242 e 25- GCs | ae (0 [0 feos ERR re hoes Se ps Do. 
i faeeoe 26-A | Mexico and domestic aoe 

Coast. 
Boers eee 26-B 10 (0 emp ahte a oi te rs es YL. 
30 ets Pai Texas, Westbrook field______ , 
402s 28 Kentucky ee a ee Dubbs cracking process. 

' Source assumed, considering the producer and from the interpretation of test 
results. 

True viscous liquids have laminar or straight-line 
flow in a capillary tube. In deriving the formula for 
this instrument it is assumed that the materials under 
test are such viscous liquids. The theoretical formula 
is also derived from a consideration of the viscous resis- 
tance between parallel layers of the substance being 
tested, when these layers are moving at various speeds 
from zero at the outer wall of the tube to a maximum 
at the axis. This condition is fulfilled in most capillary 
viscosimeters by wetting the tube with the material 
under test before the determination is made. How- 
ever, with opaque substances such as bituminous 
materials this is not practical, and the determination is 
made by timing the rise in a clean tube. 

In order to ascertain the effect of these deviations 
from the theoretical conditions on the flow of the as- 
phalts in the tube, tests were made in which the times 
of rise for various increments of height were recorded. 
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TABLE 6.—Consistency of the asphalts studied 

50-60 penetration grade 85-100 penetration grade 

Identi- P Ki ee. : ; ae ; sation ene- inematic viscosity Pene- | Kinematic viscosity 
NTO Soft- |tration PAPO tration|_ wow tt 0 eee 

*  jening |100 gm. ening |100gm. 

poms’ 004 At 66° Gy) ALsse c, |Point pees | At 55° C.| At 75° C, 

Centistokes| Centistokes Centistokes| Centistokes 
eG. x10 X<10-4 2G. 10-8 «10-4 

DL a 48. 1 57 10.0 * 1.29 | 44.9 85 25, 2 1. 62 
ee 48.0 61 16.5 2.07 | 44.1 96 27.0 1. 93 
Ne oe 47.9 61 10.5 1.18 | 44.2 95 23. 3 1. 92 
aes 48.0 60 14.7 1.20 | 44.2 92 22.5 1.75 
=== 48.8 58 10.7 1.49 | 45.0 91 34.7 2. 66 
peees = §2.2 52 25.1 2.28 | 47.0 92 43.8 3. 84 
Reese... 55.3 58 39.9 } 3.58 | 49.0 96 65.9 5. 92 
i 54.7 56 68.8 5.05 | 49.7 96 60. 4 4.41 
|) 55.4 53 53.9 5.61 | 49.2 96 75.6 6. 24 
= 54.8 56 53.1 5.76 | 49.5 95 80.1 6.31 

ree S25 << 55. 7 54 55.1 6.16 | 48.5 97 68.9 6. 20 
ees Ae 55. 8 55 50. 1 5.77 | 48.4 97 67.7 5. 68 
Sh 55.3 51 100. 6 7.25 | 47.4 94 §2.7 4.10 
ee 52. 2 52 24.7 2.43 | 46.2 95 36.0 3. 07 
iD 52.0 52 46.6 3.31 | 46.2 92 41.2 3h l%/ 
i See 55. 8 48 78.5 6.10 | 47.0 94 75.1 5. 06 
ij 53. 2 48 37.5 4.20 | 47.8 92 70.7 5. 28 
oe 54.1 51 32.8 4.05 | 50.4 85 74.1 5, 96 
ape 292. 51.8 57 22.3 2.69 | 46.4 90 41.4 3. 70 
UE as. . 58. 4 58 76.9 5.45 | 49.3 90 71.3 5. 26 

Ail, aa 54. 6 57 31.4 3.17 | 46.1 97 42.6 3. 79 
i 58. 4 57 76. 2 6.33 | 47.3 96 62.6 4. 58 
22h eee 48.8 60 oo} .76 | 44.4 91 26.3 ik Were 
a 55. 1 54 63.3 4.73 | 47.7 D4. | ry eae oe DEN ee Rae 
Lr 52.8 58 30. 4 3.02 | 48.0 94 34.6 2.99 
22 a 54.0 53 45.4 2.89 | 48.6 | 84 54.5 3.99 
ie ace 55. 2 49 39. 2 3.79 | 46.6 93 59. 1 4. 32 
AO ee noes 52.0 58 24.6 2.53 | 46.3 92 32.5 2. 66 
coho: oc |S eS Se ee bee 45.2 92 25.1 1. 88 
Pere. Ss 55.1 40 53.3 4.02 | 46.9 90 59.8 4. 20 

Sleere >. 56. 2 59 62. 2 5.11 | 49.3 93 79. 6 5. 98 
pees. 1 53. | 49 29.9 3.15 | 49.5 85 45.1 3.13 
Smeets 2 52.8 46 16.8 1.02 | 48.4 83 46.6 2. 50 
Bese 53. 4 58 46.3 3.69 | 46.9 94 57.0 4.07 
ij ses 50. 8 57 20.0 1.74 | 46.9 96 38. 4 3. 03 
BOGE o2..2 51.9 55 28.9 2.56 | 49.6 92 84.2 4. 66 
(Ss 55.8 52 54.9 4.76 | 48.0 96 59.0 4.29 
She = ae 55. 4 55 79.0 5.24 | 49.5 95 LIES 2 6. 02 
7 ae 53. 8 47 40.5 5.11 | 46.8 86 47.7 3. 44 
a 50. 5 50 23.8 1.46 | 45.0 87 34.3 2.45 

These tests were made on the 85-100 penetration as- 
phalts at 55° C. only. Asphalts 2 to 18, inclusive, 
with the exception of asphalt 14, were tested at the 
following intervals of height (in centimeters): 2 to 3, 
2 to 4, 2 to 5, 2 to 6, 3 to 6, 4 to 6, and5to6. Asphalts 
19 to 40, inclusive, with the exception of asphalts 24 
and 26, were tested at the following intervals (in centi- 
meters): 2 to 3, 3 to 4, 4 to 5, and 5 to 6. 

In general, at least two rounds of tests were made 
with each of these height intervals. The average, the 
maximum and minimum calculated value, the height 
intervals at which the maximum and minimum occurred 
and the maximum and average deviations from the 
mean for each round are shown in table.7. 

All asphalts showed some deviation in the results, 
and there was considerable difference in the behavior 
of the various samples. The maximum deviation 
from the mean varied from zero for one round on sam- 
ple 33 to as high as 8.4 percent for one round on sample 
27. While a few of the asphalts showed very erratic 
results, as will be discussed later, in general there was 
no definite trend either in the height interval at which 
the maximum or minimum occurred or in the effect of 

_the source or type of manufacture on results. 
In general the maximum viscosities were obtained 

more frequently for the larger values of /2 and the mini- 
mum viscosities for the lower values of /,. However, 
this trend is not definite enough to draw any positive 
conclusions. There was no point in the tube which 
gave consistently high or low values. The average 
maximum deviation from the mean for group A was 
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1.2 percent, and for group B was 1.3 percent. The 
mean deviation averaged 0.5 percent for group A and 
0.7 percent for group B. 

TABLE 7.—Effect of various values of l, and lz on the computed 
values for viscosity of the asphalts of the 85-100 penetration 
grade at 56° C. 

A. CALCULATIONS FOR INTERVALS OF 2 TO 3 CM., 2 TO 4 OM., 
2 TO 5 CM., 2 TO 6 CM., 3 TO 6 CM., 4 TO 6 CM., AND 5 TO 6 CM. 

; Page an Deviation from Kinematic viscosity Interval ae 

Tdentifica- | | 
tion No. For For | A 

. nea maxl- | mini- | Maxi- | Aver- 
Maximum | Minimum | Average ital aaGer learant age 

value | value 

Centistokes | Centistokes | Centistokes 
10-4 x10 x10-4 Cm. | Cm. | Percent) Percent 

2 27.2 26.7 27.0 2-4 2-5 Ge! 0.6 
Sar Sear rare 27.2 26.8 27.0 4-6 2-4 we .4 

3 { 23.6 23.0 23. 2 5-6 2-6 Vr 9 
Soe Seen ae 23.6 23.1 23.3 5-6 2-5 1.3 .6 

4 { 22.8 22.2 22.5 2-3 2-5 1.3 .8 
oS: eae 22. 8 22.4 22.6 2-4 5-6 ao 5 

33.8 33.1 33. 4 5-6 2a0 1.2 .6 
Sieten see a 35.3 34.8 35.0 5-6 2-8 8 a 

36.3 35, 4 35.8 5-6 3-6 1.4 aut 
44.8 43.3 44.1 5-6 2-3 1.8 1.0 

Greet ore ak 44.4 43.2 43.7 2-3 2-5 1.6 ars 
43.9 43.2 43.6 4-5 3-4 9 .6 

- 68.4 65.8 66.7 5-6 2-4 2.6 .9 
FS RSIS { 65.7 64.0 65.1 5-6 2-3 yi if 
g 60.8 60.0 60. 3 2-3 2-5 -8 4 
Meno Pian tg 61.5 59.6 60.6 5-6 24 Ld ntl 
9 75, 2 74.5 75.0 4-6 23 “iif we 
Pitt eine 76.4 76.1 76.2 3-6 2-4 SC) ay 

10 f 80.5 78.8 79.8 4-6 2-3 1.3 ai 
ea Ss Sar tS L 81.0 80. 0 80.4 4-6 2-4 8 oh 

7 { 69, 4 69. 2 69.3 2-3 2-4 eal ae 
roe ae 68. 9 68. 2 68.5 5-6 2-3 .6 -3 

12 : { 66.9 66. 4 66. 6 5-6 2-5 Oy .3 
So pe ee 69.0 68.3 68.8 3-6 2-3 ants .3 

13 { 53.1 51.9 52.6 5-6 2-4 1.0 -7 
Seas = ers DsaL 61.9 52. 7 4-6 2-4 1.5 6 

iL Dees rae ec 41.8 40.8 41.2 2-3 4-6 1.5 8 
16 { 75.4 74.7 75.1 2-5 5-6 a) Ae 

Be i a ak 75.8 74.0 75. 2-4 275. 1.5 -6 
17 { 71.3 70.3 70. 7 5-6 2-5 .8 .4 
See iy (al il 70.3 70.6 5-6 3-6 ov .3 

18 { 74.7 72.9 73.6 5-6 4-5 1.5 .6 
eae ae ae ae 76.3 72.6 74.6 5-6 2-3 207 1.2 

PASY OFS Cle | omens eee [tears Serene ee || ee ee eee 1.2 0.5 

B .CALCULATIONS FOR INTERVALS OE 2 TO 3 CM., 3 TO 4 CM., 
4T0O 5 CM., AND 5 TO 6 CM. 

{ 42.0 40.3 41.2 3-4 2-3 9,8 0.6 
LOS = ee ee 41.8 41.1 41.5 4-5 5-6 1.0 6 

| 41.9 41.3 41.6.\ > 98 | 096-6 ei o 
on { 72.8 70. 4 71.5 2-3 4-5 1.8 MG 
pe iaie oma 71.5 70.7 Filly 4-5 3-4 a A 
21 f 43.0 42.5 42.7 344 4-5 a7 5 
ipa \ 43.3 BM a 42.5 4-5 5-6 1.9 ih 

{ 63.3 62.0 62. 6 2-3 5-6 Tea a3 
Gps a2 ae 64.1 62. 7 63.4 oes 5-6 iil a6 

| 62.3 61.3 61.7 5-6 2-3 1.0 5 
93 { 26. 6 26. 2 26. 5 3-4 5-6 teal 6 
SS eae 26. 4 26. 6 26. 2 3-4 4-5 8 ra 

34.7 34.1 34.5 5-6 2-3 122 5 
pigee! eo 2e 34.3 33.7 34.0 4~5 2-3 on a} 

35.8 35.1 35.5 2-3 4-5 Val 8 
33.7 32.6 33. 2 el 4-5 1.8 8 

OG Ae see, Mee 32.8 32.3 32.6 4-5 3-4 9 6 
32.0 31.3 31.6 5-6 3-4 1.3 A 

29 i 25.0 24.9 24.9 3-6 2-5 4 4 
OE ae as \ 25.5 25.3 25.3 5HG 3 a 2D 

{ 60.3 58.9 59.7 2-3 3-4 1.3 5 
30a wee 61.7 58.5 60. 0 2-3 3-4 2.8 2.0 

| 60. 0 59. 3 59.7 523 5-6 Ms ai 
39 f 45.6 44. 6 45.0 5-6 2-3 1.3 5 
nae Se ee \ 45.6 44.8 45.1 5-6 2-3 iy 4 

44.4 44.4 44.4 3-4 5-6 0 0 
EMS a ees 46.7 45.8 46.1 5-6 3-4 tas 6 

49.9 48.7 49.1 2-3 5-6 1.6 ry 
34 { 57.1 55.4 56. 1 5-6 o-3 1.8 9 
rT 55. 2 53. 2 54.0 4-5 2-3 2.2 6 

37.7 37.1 37.4 5-6 2-3 zs 5 
BO t caeee 38.8 38. 0 38.5 4-5 2-3 133 8 

39.9 38.8 39.3 5-6 2-3 | 1.5 iN 
36 { 84.9 81.9 83. 2 5-6 3-4 2.0 ne 

Sat eg 85.6 84.8 85. 2 4-5 3-4 5 4 
37 { 59. 3 57.9 58.5 5-6 2-3 1.4 i 
aie ae 60. 5 58.7 59. 4 4-5 3-4 1.9 1.0 

40 { 34.6 34.1 34, 4 2-3 5-6 9 es 
a pen 34.5 33.5 34. 1 a4] 4-5 | 1.8 8 

(A VCLOTO a8 ater ee eM Me eC a A \ her Se ae oa line one 
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‘TABLE 
values for viscosity of the asphalts of the 85-100 penetration 
grade at 55° C. —Continued 

C. SAMPLES SHOWING ERRATIC RESULTS 

| : : 

Kinematie viseesity Interval Dev Deviation from 

Identifica- 
tion No. For | For ‘ 

Maximum | Minimum | Average te Sep ee oh 

value | value 

Centistokes | Centistokes | Centistokes 
10-4 KOR «19044 Cm. Cm. | Percent| Percent 

f 65.6 60. 6 62.5 2-3 5-6 5.0 2.4 
27 2 61.9 Died. 59. 4 2-3 5-6 4.2 2.9 

| 72.3 62. 7 66. 7 2-3 5-6 8. 4 4.8 
80. 8 75.0 78. 1 5-6 2-3 4.0 2.4 

CLS aes 82.6 80. 0 81.1 5-6 2-3 1.8 Led 
80. 7 77.5 79. 6 5-6 2-3 2.6 1.5 

38 113.8 108. 3 111.0 5-6 2-3 2.5 2u2 
ie eT a { 115. 6 107.3 111.4 5-6 2-3 3.8 2.4 

39 47.8 47.2 47.5 2-3 5-6 .6 72 
ae ae alae { 49. 2 45.6 47.9 3-4 4-5 4.8 1.2 

Samples 27, 31, 38, and 39 gave results showing 
much greater ‘deviations from the mean than did the 
other materials. These samples are also peculiar as 
judged by the trend which the results showed. In all 
rounds sample 27 showed a progressive decrease in the 
calculated viscosity as the value of /; increased. For 
example, results on one round were: 65.610 * centi- 
stokes for 2.:‘to 3 centimeters; 62.4X10* for 3 to 4 
centimeters; 61.510 4 for 4 to 5 centimeters; and 60.6 
104 for 5 to 6 centimeters. For samples 31 and 38, 
the opposite condition was true—the calculated viscos- 
ity increased as the value of /, increased. for sample 
31, one round showed 75.010 * centistokes for 2 to 3 
centimeters, 77.6 X10 4 for 3 to 4 centimeters, 79.2 10 # 
for 4 to 5 centimeters, and 80.8104 for 5 to 6 centi- 
meters. Sample 39 gave consistent results for one 
round, the maximum deviation from the mean being 
below the average; but for the other round there was a 
maximum deviation of 4.8 percent even though the 
average results of the two rounds checked very closely. 

It is interesting to note that the materials known to 
be blends of different base asphalts had greater devia- 
tions from the mean than most of the other materials. 
Samples 31 and 38 were blends and showed marked 
peculiarities as already discussed. Samples 30 and 37, 
also blends, showed differences from the ordinary, but 
to a lesser degree. No definite information as to the 
source of the base petroleum or the method of manufac- 
ture was available for sample 27, but there is a possi- 
bility that it, too, was a blend. 

These results indicate that the inside diameter of the 
tube is uniform since, if this were not true, there would 
be separate points at which the maximum and mini- 
mum values would be obtained. The accuracy of the 
formulas is also indicated by this lack of any systematic 
variation in results. In addition to this, the fact that 
the same asphalt shows maximum deviations varying 
appreciably between separate rounds on the same sam- 
ple indicate that for this grade of asphalt the condi- 
tions of the test, the procedure, and the exactness of 
recording the data, cannot be expected to give an accu- 
racy better than about 1 percent for calculations made 
with various height intervals. 

All of the asphalts of the 50-60 grade were tested at 
° and 85° C., and all those of the 85-100 grade were 

tested at 55° and 75° C. These results are reported in 

Iffect of various values of l and l, on the computed | table 6. Other tests were 
the asphalts over a range of temperature from 45° to 
90° C., as shown in table 8. 

Kinematic viscosity of selected asphalts at various 
temperatures 

TABLE 8. 

50-60 PENETRATION GRADE 

Kinematic viscosity at— 
Identification 

No. | 
45° C.| 55° C. | 60° C.! 65° C.| 70° C. | 75° C. | 80° C. ae Cu S0SGe 

Centi- | Centi- | Centi- | Centi- | Centi- |Centi- | Centi-  Centi- | Centi- 
stokes | stokes | stokes | stokes | stokes | stokes | stokes stokes | stokes 
STO= LOM OTOH ESC 10 OE SCT OE TO eal ee ane cal Ca 

Sok ees een ie see oes 2106: |e 10: bases aoe 3. 41 2.53 TLS inte ee ae 
(EE ae oe oil Se RS 167 | 78.7] 39.9 1S At ee eee 5:04) PosG8Rieeeaae 
i Sak eager ete || had ANP sy 100.6 | 695.0 |" 2823512. 20a ico eee 
14 oe en ee 120.) 51.6} 24.7 125922. 4.01 2: Asn ees 
LD See oe SS ce ae (tae A eee eee 46.6) 22.8) Vi: 70") 1 6645) eerie eeaeee 
23 ee Se Sa GRO) Gao Nie 214 eee AOU See oe 
Py) ee Se 830s |e ae 63/3 ee 17. O1 8.84 | 4.73 2. 82 
26 sr ee ee eee ers 1.473 oe BOA a Soke 9.47 | 6.24 | 13.02 1. 82 
7, es, ee SP) pe Ee 248 Hee eA 45.4} 20.2 | 9.95 | 6.38] 2.89 a ff 
30 Zhe e SRe Oe sec ae 53. 3 26.4 | 13.61 co Sed | O22 eee 
Oba es ee eee see 270 | 104. 4 EPR Aas Sais ee 8.12) bala seca 
OD. eee een epee 148) [eee 8) 29.9 16,5) |" 9.800 |" *4: 835s elon aoe 
BS cote eee Sk ee | | 16.8 F200 8,40 | sae 1. 02 . 65 
AO) cater $2 SR ea SR el Ee 48.4 23. 8 1155) 42.52) 2788 TAG Miles eee 

85-100 PENETRATION GRADE 

ee ee aoe 134 PEE be ote 6223 ae 1892s) eee OF 646i ies ee 
ln ae nt eee 387 65:9 see 19), 05) eee ee 592 lee ee P Apes p A) RE ae 
‘| ice ae cee eee 364 D2e4 eee se [4 Cotes ses 4710 eee 64 Met aces 
TA tee 2 Dee a PAYG IN Sato ON Se ee 0. 40 eae eeeeae RECO bee 2a eee 
| 5 ae eed Ae Pg tel ec 8 eb ees I 10'S" 2 ee BF yi ee Les | eee 
PASE aR en Dyn Rieh ens 233 20.8) ees 122). ee Le 7 tesco #69 ese ee 
26 es eee QOS td4: Gila ee ale OF 2 | eee 2:99: eee i ep bel Pera as 
S0ce pea eee 345 59 Bs|ee gate T5522 eee 4:30) 2 ees DG2, pooner 
Byte lpaeeeeh Sh 513 fO:\Gal ees My Ml wae ae 3 DS m |e P25 el (eae 
B2er Leas 315 ARN lee ee 127Sciccee SiiLon eee 1 43 esse ee 
pads fa eee ae sets Se 593 4668s 964) oes 2) 50 ee eee 582 noe 
(hE eee ee Se 291 O4i 3 eee SiG heeeez ae 2450). see Aref eh lene 

GREATER PRECISION OBTAINED FOR LIQUID PRODUCTS THAN FOR 

SEMISOLID ASPHALTS 

These reported results are the average of two or three 
tests; two when there was close agreement, and three 
or more when the difference in results of the first two 
tests was rather large. Since it was of primary interest 
to gain a definite knowledge of the ability to get check 
results with this type of material, an analysis of the 
maximum percentage deviation from the mean is shown 
in table 9. The total number of samples tested at each 
temperature and the number of samples which had 
maximum deviation from the mean between various 
percentage limits are shown. The average maximum 
deviation for all tests, and for values below 6.1 percent, 
are also included. 

The average maximum deviation from the mean for 
all tests on the asphalts of 50-60 penetration, excluding 
those values of 6.1 percent or greater, was 2.3 percent; 
and for the asphalts of 85-100 penetration was 1.4 per- 
cent. The asphalts of the 85-100 grade were tested 
after the changes in the apparatus had been made, as 
previously described. Therefore, it is believed that the 
average maximum deviation of 1.4 percent more nearly 
represents the accuracy of the test than the higher figure 
obtained with the 50-60 grade. 

It will be noted that 72.8 percent of the tests on the 
85-100 grade checked within 2 percent and 85.1 percent 
had maximum deviations of less than 3 percent. In 
general, with most asphalts of these grades the operator 
should be able to obtain checks within-+-2 percent 
deviation from the mean, by running 3 or 4 trials. 
However, some asphalts exhibit peculiarities and the 
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results of repeated trials will not check closely despite 
every precaution of the operator. 

TABLE 9.—Precision of test results obtained with asphalts of the 
50-60 and 85-100 penetration grades 

50-60 PENETRATION GRADE 

Number of samples with maximum Se 
Num-| eviation from the mean between— deviation 

ber 
of 

Test temperature, °C. ana For 
ples 11- | 2.1- | 3.1- | 4.1- For | val- 
test- | %0-0| 2.0 | 3.0 | 4.0 | 6.0 /S2*| a | ues 
ed | nt | Per: | per- | per- | per- peek val- | less 

’ cent | cent | cent | cent ues | than 
6.1 

Per- | Per 
cent | cent 

Taw er 4 3 0 1 0 0 0/] 0.9 0.9 
(a 12 0 1 4 4 1 Pal) ohyess 3.0 
(i 2 AS oe eS Se 39 14 8 8 4 5 On ht 2 
7 ee 10 4 2 1 0 1 2) Wee2a6 1.5 
Roe ee nr Fe LS 11 2 3 2 1 0 By) eis 1.8 
i) ork ae ae ai 11 5 1 2 2 1 Onl 129 1.9 
Di 36 ae 39 13 10 7 2 3 A oe? bet 
AM eee es cok oe 4 2 1 0 0 1 Ones 1.8 

otal ceeese neat 2 130 43 26 13 12 Ds ge |e ee 
Percentage. .-_.--- qsake 3 Sorelle ZO ION LOLZ Ate LO; ONO. 2: lier Sata eeeeeee cee eee 
AXES EADY a, ae a Ie | aa a RS (eR ae ee (Re 2.4 2.3 

85-100 PENETRATION GRADE 

NE ei eee (a 12 3 2 3 2 2 Ouro 5 2.5 
LAR p53 5 ee ee 39 24 8 4 1 1 Lee nal 
(igo = Oe 12 5 2 0 1 2 2 27 1.6 
ite = Sha ee a ee 39 19 13 4 2 1 0 1.2 1.2 
ii. Ad, ee 12 5 2 3 1 1 COV \| BAY 1G 

Movaleeess bees: 114 27 14 ut 7 S| eee ae ees 
Percentavese 2 (E32 se AOU tonal mulead! Os LOnl Geckos: 0 oleae eee 
TANSSV AE OLS.. oS ya ga Sek S| ES mee | ee eae al here ae) aE [eve md Ie Be 1.6 1.4 

The most striking example of this erratic behavior 
was sample 33 of the 85-100 penetration grade. This 
material was a cracked product which showed a positive 
spot in xylene when tested according to the Oliensis 
method. The test results on this sample are given in 
table 10. 

Sample 27 of the 85-100 penetration grade, which 
showed the greatest deviation in the same round 
(table 7), also gave the greatest difficulty in obtaining 
check results at 55° C. Six tests were made, the 
results varying as follows: 52.6 X<10*; 58.810; 54.8 
10*; 62.5 10*; 59.4 10*; 66.7<10*. The average was 
59.110*. The maximum deviation from the mean is 
12.6 percent. The results at 75° C. for this sample 
did not show this same irregularity but checked within 
0.6 percent deviation from the mean. 

TABLE 10.—Results of tests on sample 33 

Kinematic viscosity determination— Maxi- 

Test acta 
tempera- oo 

ture No. 1 No. 2 No. 3 No. 4 Average from 
mean 

IT6E Centistokes | Centistokes | Centistokes | Centistokes | Centistokes 
<10=4 10-4 10-4 x<10-4 x<10-4 Percent 

(els ee 587.9 563. 6 625.9 1 464. 6 593. 4 5.1 
ii 44.39 46.13 AOS 4 t| Pie 2 wae ee 46.6 5.6) 
3: ae 112. 28 10. 44 8.85 9. 89 9.6 8.3 
i234 ae 13.000 2. 506 DANSE SelB ake 2 Ae, 2. 50 a8 
eee . 80 be |g ae ee a . 82 2.5 

/Test not included in average. 

For testing the asphalts of the 85-100 penetration 
grade, the greatest average maximum deviation for all 
values varying less than 6.1 percent was 2.5 percent and 
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this value was obtained for tests made at 45° C., the low- 
est temperature used for this grade of material. At the 
lowest test temperature used for the 50-60 penetration 
asphalts, which was 55° C., only seven asphalts were 
tested and on three of these only one test was made. 
The four that were checked had an average maximum 
deviation from the mean of only 0.9 percent. However, 
the average maximum deviations from the mean for the 
50-60 grade asphalts tested at 60° C. and 65° C., 
excluding all values of 6.1 percent or greater, were 
higher than those values obtained at the higher tempera- 
tures. These results indicate that the instrument is 
less accurate for the determination of high viscosities of 
the magnitude obtained near temperatures of the 
softening points of the asphalts. 
A number of liquid asphaltic materials of the rapid-, 

medium-, and slow-curing types, as well as two asphalts 
of approximately 200 penetration, also were tested for 
kinematic viscosity with this instrument. All of these 
materials were tested at 35° C., the temperature used in 
the work reported by Rhodes, Volkmann, and Barker.! 
Eleven samples were tested also at 25° C. and 50° C. 
The results of these tests are shown in table 11. 

The viscosities of these materials at the test temper- 
ature of 35° C. ranged from 513 centistokes for the RC 
material to 13810* centistokes for one of the 200 
penetration asphalts. Asin the case of the work done on 
the harder asphalts, two or more determinations were 
made on the same sample, and the mean of these results 
is the value reported for the viscosity. The maximum 
percentage deviation for the tests on each sample is 
also shown in table 11. It will be noted that more 
consistent results were obtained with these less viscous 
materials than with the semisolid asphalts. The 
greatest maximum deviation from the mean was only 
2.6 percent and, out of 49 tests, only 7 had maximum 
deviations from the mean of 2 percent or more. Thirty- 
five samples checked within 1 percent or less. Test 
values widely different from the mean, as reported for 
some of the asphalts, were not obtained with these 
materials. In most cases three tests were made for 
each sample, and all the results were used to compute 
the average. The tests made on these materials indi- 
cate that the instrument has a relatively wide range, 
and that the consistency of a large number of asphaltic 
materials can be determined adequately at a tem- 
perature of 35° C. 

VISCOSITY-TEMPERATURE DATA PLOTTED TO GIVE A STRAIGHT 

LINE 

The data shown in table 6 on the kinematic viscosities 
of all the asphalts of each grade serve to emphasize the 
known fact that asphalts having essentially the same 
consistency at 25° C. may have widely different con- 
sistencies at higher temperatures. For example, the 
viscosity of the 50-60 penetration asphalts at 65° C. 
ranged from a minimum of 7.310' centistokes for 
sample 23 to a maximum of 100.610* centistokes for 
sample 13, These asphalts had penetrations at 25° C. 
of 60 and 51, respectively. The same relative differ- 
ence is shown for the tests made at 85° C. While the 
maximum difference is not as great with the 85-100 grade, 
the viscosities ranged from 22.5X10* to 111.210* 
centistokes at 55° C., and from 1.62X10* to 
6.31 X 10* centistokes at 75° C. 

Since these differences are known to exist, knowledge 

1 New Viscosimeter for Bitumens Has Extended Range. Engineering News- 
Record, vol. 115, Nov. 21, 1935. 
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TaBLp 11.—Viscosity determinations for various types of asphaltic materials 

Routine consistency determination Tests at 25° C. Tests at 35° C. Tests at 50° OC, 

bes Furol t Engl Type esig- urol viseosi ngler : : : : : ; 
A nation @ a specific Sipe: Kinematic hee te Kinematic epee: Kinematic ee 

At 50° O At 60°C paceriren sec. at 25° C. viscosity from mean viscosity from mean viscosity from mean 

Seconds Seconds Centistokes | Percent Centistokes eet Centistokes | Per.ent 
RG ot ee Sa ce th Ge el a Ss TOS) he oe Oe 2 ee ee eee er | Oe ee a BS eal or See 513 10) Woo SS eo eee ee 
FOP Aen SION Ee ee 79410 1.1 262X10 2.3 584 0.6 
ROl So 3 ee eT Shee SR OD Bae Ee NC Sree se |e | eee 48010 34) (Eset. b ew gel ee ee eee 
R@ one on seb and eee Ce ee OFS. se he SU SSI Tae 250 ee eid Ea eae es ee eee eee Te 53210 08 ficoha ganna 
RO ss et eo el Bt Sct TN e310) ee ener |. Sa ee eee | ce | re are 460 X10 0 |S SS ees 
RG. i pee 5 ee eee WS Ee 2 2 8 200 | | eee a Be eer | | ce ee eee | eee eae ee 505 X10 Pia Tis Pe eee NN ke 
RG. 226225: ae Sek Se OT BS. 2S Seal) RS il eee nee Pee eee a |e ees ee | eee 45410 2. | sat coe eee Se 
RiGee me kt ee a iB: cet Tea 2S pee le tees | eee] ee en £ 453 X10 Ase Pe ee on ty 
RO... ee ee eee Bcc ee eS 1B ae ea ee rene | ee ae | (ee 485X10 ie ee eee fe ee 
RO. sesen cso Re ce eee Be BY es Oe ee Se 2h | eee eg coe | pee | ee a 497 X10 Ay |e Pe es 2 & 
RG@p ices eee eee ayy Bie seek oe COUN Pe tee SO Gl emcee ire me neal Dees eae are ns 2oe || Oe eee 62910 1/2 oe oe ee | ees 
RG 22280 ee ee a Bate ee gt 883i ere ea 8 ere eae ee ee || ee 519X10 wh |So.225 2a eee 
Y 5 eae ore a UE beet Se ee el be gh (A Re Re iit He eas. te en Oe Oe 8 Sales ee ey 59210 30 ese Se 5 ee 
RGs3 ee a ee Re 8 ec ee ce TY 2 S409 |e een | eee = ee | oe 588 X10 Ff ee eee ST 
RO 2 ie a eee | ea Bak So ee ie GE emer le fees eee md (a a epee eee ie eee 608 X 10 LOS. ee 
RiGee cle ones So! 133103 el 277X102 .4 43010 2.0 
NIG" cee ge ee A Aes kL 588 X 10 ates 186X 10 2.0 487 .4 
IVE C+ ak gee ss FPP Ee Se aS 101X102 a7. 222X10 iA 554 2a 2 
SC. oe a ore a sy 6 SD ee LTS eee ee oe ee | ee ee ere ae 44210 21! |e Ro ee 
S| eS el Seen aes Sen ee RS RN 21 Seige Se EP le Seely SL oo og oO es Sek soe ta ea 475X10 7 12. oe es ee 
CO eee he fe ee eer 168 X 102 .4 416X10 12 858 1.0 
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SO Reese 2a ek STB. oe See (>) 96410 4 378 X10 8 10310 .4 

} 810 102 tf 153X102 1.0 24110 .4 
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(¢) 178X105 (4) 108 104 1.0 761X102 BY) 
(©) 183105 (4) 1388 104 a2 884 102 2.6 

2 Asphalt Institute Construction Series Number 51, Jan. 1, 1949, except as noted in footnote c. 
b Falls between grades 2 and 3. 
¢ Penetration grade, 200-250. 
4d Only one test made. 

of the change of consistency with temperature is very 
desirable. This problem has recently received the 
attention of many investigators. In order to determine 
the suitability of the instrument for obtaining these 
data, tests were made over a range of temperature for 
a selected group of asphalts. Fourteen of the 50-60 
gerade asphalts and 12 of the 85-100 grade were tested 
at temperatures varying from slightly below the soften- 
ing points of the materials to 90° C. Table 8 shows the 
results of these tests, which range from approximately 
6,000 to 6,000,000 centistokes. 

While it is possible to obtain higher viscosities than 
here reported, the time of rise becomes so long that it is 
not practical to run tests for viscosities higher than 
6,000,000 centistokes. For this value the time of rise 
from 2 to 3 centimeters is approximately 12 minutes at 
the maximum vacuum obtainable. In addition, the 
time of rise to the starting point is several minutes. 

In tests run for other investigations, results as high 
as 31,000,000 centistokes were obtained. However, the 
time required for one test was approximately 3 hours. 
Inability to obtain check tests and the time required in 
making each determination renders the instrument un- 
suitable to use for such high viscosities. 

It is also possible to obtain viscosities much lower 
than the 6,000 centistokes reported for these asphalts 
at 90° C., but the high temperature necessary for these 
grades of asphalt makes it difficult with the same pro- 
cedure and bath normally used. With additional 
heating coils and suitable liquids for the thermostat, it 
would be possible to extend the range to higher tempera- 
tures than here used, but for the purpose of this investi- 
gation this was not considered necessary. 

Graphical presentation of results is very desirable 
for viscosity-temperature data, and many relations have 
been proposed so that the curve when plotted becomes 

| a straight line. Several investigators® working indepen- 
dently have shown that for a liquid of definite chemical 
composition the viscosity should change with tempera- 
ture according to the formula: 

p= Ae LGD 

where 
u=absolute viscosity, 
T=absolute temperature, 
e=constant (base of Napierian logarithms), and 

A, B=constants. 

When this formula is expressed in logarithmic form it 
becomes: 

log u=log A+(7r) log e 

Thus a straight line should be obtained when log u 
is plotted against the reciprocal of the absolute tem- 
perature. 

The data shown in table 8 were plotted in this manner 
except that the kinematic instead of absolute viscosity 
was used. However, the density of the asphalts is so 
close to 1 gram per cubic centimeter at these test temp- 
eratures that there is no essential difference between 
the curves plotted with either value. 

Figures 2 and 3 show these curves for each grade of 
asphalt. As will be noted, the curvature of the line 
increases as the temperature approaches the softening 
point of the asphalt. ‘As will be shown later, there is a 
possibility that the viscosities obtained with the instru- 
ment at or near temperatures of the softening point are 
higher than the true viscosities because of the limita- 
tions of the instrument. Consequently, the curvature 

5 Elasticity, Plasticity and Structure of Matter, by Houwink. Cambridge Uni- 
versity Press (1937), p 38. See also. E. N. da C. Andrade, Nature, vol. 125 (1930) 
p. 580. S. E. Sheppard, J. Rheology, vol. 1 (1930). p. 349. 
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shown in the graph may be somewhat exaggerated. 
_ The shape of each curve is essentially the same, although 
some show slightly greater curvature than others. 

Although asphalts are not liquids of a definite chemi- 
cal composition, and in some cases exhibit plastic 
properties, these curves are of interest since they take 
into consideration the physical characteristics of the 
asphalts and no empirical constants have been intro- 
duced. It is believed that in a study of the deviations 
from a true liquid, or the changes in susceptibility over a 
wide range of temperature, these curves would be very 
valuable. However, from a practical standpoint they 
have no direct application and they cannot be used 
to calculate a susceptibility factor which would hold 
over an appreciable range of temperature. 

As discussed by Rhodes, Volkmann, and Barker,’ an 
empirical relationship between viscosity and tempera- 
ture has been established. It is: : 

i ae ee ip 
log ae ep 

where v,; and vg: are the kinematic viscosities in centi- 
stokes at the absolute temperatures 7; and T:, respec- 
tively. Ubbelohde, Ullrich, and Walther® found this 
relationship to be the most accurate expression for the 

3 Consistency Measurements in the Coal Tar Industry, by Rhodes, Volkmann, and 
Barker. Symposium on Consistency, A. 8. T. M., June 1937. 

6 Beitrag zur Kennzeichnung von Teeren und Bitumen auf Grund der A bhingigkeit 
iher Viskositit von der Temperatur, Oel und Kohle, Veneinigt mit Endoel und Teer, 
vol. 11, No 36, Sept. 22, 1935, pp. 684-690. 
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CAL OF ABSOLUTE TEMPERATURE FOR THE 50-60 PENETRATION 
ASPHALTS. 

viscosity-temperature data for coal tars, and the same 
formula is used by the American Society for Testing 
Materials as the basis for the construction of the ten- 
tative standard viscosity-temperature charts for liquid 
petroleum products.’ 

SLOPE OF VISCOSITY-TEMPERATURE CURVE DIFFERS FROM V. T. S. 
COEFFICIENT BY A CONSTANT FACTOR 

For high viscosities the figure 0.8 added to the kine- 
matic viscosity has no significance, and thus, if the 
double logarithm of the kinematic viscosity in centi- 
stokes is plotted against the logarithm of the absolute 
temperature, a straight line should be obtained. 

The data in table 8 were plotted in this way and sev- 
eral typical curves are shown in figures 4 and 5. With 
the exception of some of the viscosities determined at 
or very close to the temperature of the softening point 
of the materials under test, all the values fall close to 
the straight line. If the viscosities at temperatures 
close to those of the softening point deviate from the 
straight line they always fall above it. No attempt was 
made to determine the cause of this deviation since no 
other instrument to measure absolute viscosities of this 
magnitude was available. This deviation may be 
caused by a change in the susceptibility of the asphalts 
at temperatures near the softening point, or because of 

7 Tentative viscosity-temperature chart for liquid petroleum products. A.S.T.M. 
D341-39T, 
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the inability of the instrument to give accurate results 
at these high viscosities. However, no definite con- 
clusions can be drawn. 

The slope m of the viscosity-temperature curve can 
readily be calculated from the viscosity at two temper- 
atures or from the graph when plotted. The equation 
for the slope may be expressed as follows: 

mano logya—log logras 
ae log7,—log7, 

where vz; and yy are the kinematic viscosities in centi- 
Hae at the absolute temperatures T; and TJ; respec- 
tively. 

The value of the slope m was calculated for all the 
asphalts using the viscosities at 65° C. and 85° C. for 
the 50-60. penetration grade and the viscosities at 55° 
C. and 75° C. for the 85-100 penetration grade. These 
data are shown in table 12. While the sign of these 
slopes is always negative, this sign only indicates the 
direction of the slope and is not shown in the table. 

These slopes differ by a constant factor from the 
“‘viscosity-temperature-susceptibility” (V. T. S.) co- 
efficient which has been proposed by H. G. Nevitt and 
L. C. Krchma ® as a temperature susceptibility index, 
and which these authors claim gives more useful infor- 
mation than the various susceptibility factors based 
on empirical consistency measurements. The V. T. S. 
coefficient for these asphalts can be calculated by 
multiplying the slopes as given in table 12 by the factor 

® The Effect of Temperature on the Consistency of Asphalts—the Viscosity Tem- 
perature Susceptibility Coefficient as an Index. Industrial and Engineering Chem- 
istry, Analytical Edition, vol. 9, No. 3, pp. 119-122 (1937). 
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0.221. The V. T.S. coefficient also can be determined 
directly from the A. S. T. M. viscosity-temperature 
chart when the data are plotted, since it is equal to 
the tangent of the measured angle that the plotted 
line makes with the temperature axis. 

TaBLE 12.—Calculated slope! of the log. log. kinematic viscosity— 
log. absolute temperature curves 

Slope : Slope 

Identifica- Identifica- 
tion No. 50-60 85-100 tion No. 50-60 85-100 

penetration | penetration penetration | penetration 
grade grade grade grade 

3. 40 4.21 3.45 3. 49 
3. 30 4.00 3. 52 3. 69 
3. 64 3. 81 3. 92 4,12 
4.11 3. 92 3.759 (38 eee 
3. 24 3. 80 3. 51 3. 25 
3. 72 3. 51 4.17 3.73 
3. 60 3.35 3. 48 3. 70 
3.75 3. 70 3. 52 3.71 
3. 27 3.4401 202 ee | Soe eee 3.95 
BROAI 3. 50 3.79 3. 76 
3.15 3. 34 3. 60 3. 57 
3.13 3.45 3. 42 3. 59 
3. 67 3. 64 4.61 4, 29 
3. 59 3. 61 3. 75 3.75 
3. 93 3. 74 3. 88 3. 72 
3. 62 3. 76 3. 72 4.03 
8.26 3. 62 3. 55 3.71 
3.13 3. 92 3. 87 3. 97 
3. 27 3.49 3. 85 3.79 
3. 78 3. 63 4.44 3. 92 

1 Calculated from kinematic viscosity data given in table 6. 

The viscosity values obtained on the 50-60 and 
85-100 penetration grade asphalts at the temperatures 
used in this report could not readily be correlated with 
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TaBLE 13.—Float test and interpolated viscosity at various temperatures 

50-60 PENETRATION GRADE 

Identification number 

60 

A | aah 

70 80 90 100 150 

Tests at 50° C. Tests at 60° C. Tests at 70° C. Tests at 80° C. Tests at 90° C. 

Float Kinematic Float Kinematic Float Kinematic Float Kinematic Float Kinematic 
test viscosity test viscosity test viscosity test viscosity test viscosity 

Centistokes Centistokes Centistokes Centistokes Centistokes 
Seconds 10-4 Seconds 10-4 Seconds X10-4 Seconds 1074 Seconds 10-4 

B= SAS es oy SO eae 308 21.6 160 6. 0 108 2. 53 79 0.73 
bee SS Seats (BAe ea 751 78. 7 285 19, 5 173 5. 94 120 2.11 
WR A SEIS Ae | ee ae 858 241.0 310 59.1 160 12. 20 114 3.72 
Ade ae ee || ae tw See 443 51.6 206 12.9 131 4.01 96 a hglaf 
ie ae On a ee eee 504 102. 7 214 22.8 135 5. 64 93 1, 89 
nied Eee AN aes Sere es 237 16.0 144 3.9 100 1, 24 66 . 46 
Coe ee |e a eee Lee 748 139. 5 267 32.2 152 8. 84 109 2.82 
FV cee ie S| pal eh Sn 493 68. 3 224 17, 2 132 5. 24 97 1,82 
Sea ore Pe, ees We 558 99. 5 232 20. 2 144 5. 38 98 ye 
eet eee AA ee eee 821 113.8 300 26.4 167 7, 18 117 2.37 
Se ee = || ae 1, 067 104, 4 352 26. 5 193 8.12 134 3. 07 
se eeee Se ee Ae 606 56.9 244 16.5 146 4. 83 108 1.93 
Ee Se ee os 438 313 204 7.0 123 2. 92 83 . 65 
CNet eee | See cee 438 48.4 204 11.5 129 2.88 88 . 94 

85-100 PENETRATION GRADE 

492 50 210 11.4 133 3. 22 90 i bs 
1, 187 137 457 35, 2 217 10. 30 139 3. 

893 122 310 28.2 168 7. 50 118 2. 
729 75 273 18. 2 155 5. 26 109 d; 
734 93 271 20.9 155 5. 66 109 ily 
567 62 223 13.5 130 3. 55 89 i 
874 71 290 ily fers 153 5. 90 106 ily 
966 124 340 29.1 164 8.11 112 2: 

1, 276 167 394 39.6 205 11. 10 128 3. 
770 96 296 23.4 172 6. 68 115 2. 

1, 038 113 279 20.9 152 4.88 104 ilk 
839 82 283 WH) 158 4, 32 104 als 

the empirical tests that are usually employed for 
measuring the consistency of asphalts. However, in 
the investigation of these materials, float test determi- 
nations were made at 50°, 60°, 70°, 80°, and 90° C. 
The values obtained at 80° C. were used in the report 
of Lewis and Welborn * for the calculation of the float- 

4The Physical and Chemical Properties of Petroleum Asphalts of the 50-60 and 
85-100 Penetration Grades. Annual Meeting of Association of Asphalt Paving 
Bae ests, Chicago, Ill., Jan. 1940. PUBLIC ROADS, March 1940, vol. 21, 

Onl. 

test index. 
made on the selected 50-60 and 85-100 penetration 
gerade asphalts, shown in table 7, were in most cases 
made at 65°, 75°, and 85° C., but the values at the 
temperature used for the float-test determinations were 
interpolated from the curves. 
float-test and the kinematic viscosity at the same tem- 
perature are shown in table 13. 
have been plotted in figure 6 to logarithmic scales. 

The kinematic viscosity determinations 

These values for the 

The data in this table 
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In this figure the best straight line has been drawn 
through the points for each temperature. Some of the 
points deviate widely from this line, but this is to be 
expected since the materials tested differed widely in 
source and inherent characteristics such as_ specific 
heat and surface tension. However, in general a good 
relationship is indicated. 

The curve for each test temperature has a different 
slope. This slope increases for decreasing temperature, 
the increase becoming progressively greater for each 
decrement of temperature. It will be noted also that 
the tests run at the higher temperatures, especially 
70° and 80° C., show less deviation from the straight 
line than those run at 50° and 60° C. 

While this general relationship between the float test 
and kinematic viscosity was found, no definite conver- 
sion factor can be determined that would be applicable 
to all types of asphalt cements. Rhodes, Volkmann, 
and Barker ® report this same condition for the float 
test determination on road tars, even though their 
work was done on coal tar residues which were perhaps 
from the same or similar sources and similar types of 
manufacture. 

SUMMARY 

The determination of the viscosity of all grades of 
bituminous materials over a wide range of temperature 
in absolute units is desirable since it gives a definite 
basis for comparison of the consistency of all types by 
a common measure. However, it is recognized that 
one instrument will not give results over the complete 
range but measurements by two or three instruments 
are necessary. ‘These tests have shown that a capillary 
type instrument, such as the one used in this investiga- 
tion, will give results from a minimum of approximately 
100 centistokes to a maximum of approximately 
6,000,000 centistokes. Thus it would be valuable as 
a unit in any combination of instruments necessary to 
cover the entire range of consistency of bituminous road 
materials. 

The limitations of the instrument permit viscosities 
of asphalts of the 50-60 and 85-100 penetration grades 
to be made only over a temperature range of approxi- 
mately 45° to 90° C. This range does not permit a 
study of the consistency of these asphalts at most of 
the temperatures that are of interest to users of these 
types of asphaltic materials. In actual service the 
asphalts are at temperatures from below 0° C. to about 

3 Consistency Measurements in the Coal Tar Industry, by Rhodes, Volkmann, and 
Barker. Symposium on Consistency, A. 8. T. M., June 1937. 

60° C., and they are heated to approximately 135° to » 
180° C. for use in hot mixed pavements or for applica- 
tion in the construction of penetration macadam. It is 
not possible to measure the viscosity of these asphalts 
at atmospheric temperatures with this instrument, 
although the use of a larger capillary might permit the 
determinations to be made at lower temperatures than 
used in this study. 
By the use of additional heating coils and a clear oil 

bath which would not flash at the higher temperature, 
it might also be possible to extend the range of the in- 
strument to include viscosity measurements at the 
mixing or application temperatures; but, even with 
these modifications, the instrument is not readily 
adapted to cover the consistency measurements of the 
semisolid asphalts of the grades studied at those tem- 
peratures for which such measurements would be of 
practical significance. 

For the liquid asphaltic materials, the instrument can 
be satisfactorily employed to measure the consistency of 
all grades at 35° C., the temperature suggested for 
evaluating the relative consistency of the various grades 
of road tars. The adoption of a standard method for 
the determination of the absolute viscosity of all grades 
of both the liquid asphaltic road materials and road 
tars at a test temperature, such as 35° C., close to that 
of normal atmospheric temperature should prove of 
great value in that it would give a definite knowledge 
of the consistency of these materials at the time of 
application and before any appreciable loss of volatile 
material occurred. 

The results obtained with this instrument may be 
expected to check within +2 percent or better for these 
penetration grades of asphalt at the test temperatures 
used, and this accuracy compares favorably with that 
usually obtained in ordinary testing of bituminous 
materials. The instrument gives much closer checks 
with liquid asphalts of lower viscosities at atmospheric 
temperatures. 

No satisfactory factor for converting the values for 
float test at various temperatures to kinematic viscosity 
can be determined that would be applicable to all 
asphalts. 

The data obtained with the instrument can be plottea 
in a straight line by plotting the double logarithm of the 
viscosity in centistokes against the logarithm of the 
absolute temperature, and the slope of this line gives a 
factor for the viscosity-temperature susceptibility over 
the range of temperature at which test results can be 
obtained. 

(Continued from D. 126) 

IMPORTANCE OF DETERMINING FLEXURAL STRENGTH OF 

PAVEMENT CONCRETE EMPHASIZED 

Figure 5 shows the strength data given in figure 4 
plotted against the water-cement ratio instead of the 
cement factor. Here again the quality of the coarse 
aggregate is reflected in the results obtained. Note, 
for instance, that a water-cement ratio of 0.60 was 
required to develop a modulus of rupture of 550 pounds 
per square inch with combination 1-10, whereas this 
strength was obtained with a water-cement ratio of 
0.95 in combination 1-1. 

Attention is directed to the fact that the curves for 
combinations 1—1 and 1-10 are straight lines. However, 
this was not the case for all combinations of materials 
investigated, many combinations giving curves which 

had the characteristic shape of the typical water- 
cement ratio—compressive strength curve. In fact the 
average curve shown is of this general shape. 

The data shown in figures 2 and 3 might have pecn 
plotted with the principal relation between water-— 
cement ratio and strength as in figure 5, with additional 
curves to give the other desired information. The 
arrangement of data is of course a matter to be decided 
by circumstances. 

Complete compressive strength data are not available 
for this series of tests because of the fact that companion 
compressive strength specimens were not made. How- 
ever, limited data were obtained for the three leanest 
mixes (4.4, 5.2, and 6.0 sacks of cement per cubic yard) 
as the result of tests on modified cubes remaining from 
the flexure tests. These data showed that for combina- 
tion 1-1 the compressive strengths were 9 percent 

a ee ee ee 
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greater than those for combination 1-10 as compared 
with the corresponding average flexural strength differ- 
ential of 32 percent. 

Of the group in which sand No. 2 was combined with 
eight different coarse aggregates, combination 2-13 
gave just about as high compressive strength as any 
combination in the group. However, it was found that, 
at a cement factor of 6 sacks per cubic yard, the flexural 
strength of combination 2-13 was the lowest of all, 
other combinations in the group giving strengths up 
to 17 percent higher than combination 2-13 (table 4). 
Many other examples could be given to show that two 
concretes having the same compressive strength do not 
necessarily have the same flexural strength, emphasizing 
the importance of determining the flexural strength 
characteristics of the constituent materials used in 
pavement concrete. 

It is believed that the data presented are sufficient 
to indicate that, when pavement concrete is to be made 
of a variety of combinations of aggregates and a reason- 
ably uniform minimum flexural strength is desired, 
investigations of the materials should be made along the 
lines indicated in this report in order to predetermine 
the flexural strengths to be expected. Compressive 
strength tests on concrete made with the materials to be 
used are inadequate, as the ratio of flexural to compres- 
sive strength varies over wide limits for different com- 
binations of materials. 

INDEX TO PUBLIC ROADS, VOLUME 20, NOW 
AVAILABLE 

The index to PUBLIC ROADS, volume 20, is now 
available. A chronological list of articles and a list 
of authors are includéd with the index. The index 
will be sent free to subscribers to PUBLIC ROADS 
requesting it. Requests should be addressed to the 
Public Roads Administration, Federal Works Agency, 
Washington, D. C. 

Indexes to volumes 6 to 8 and 10 to 19, inclusive, 
are also available and will be sent to PUBLIC ROADS 
subscribers upon request. Indexes to volumes 1 to 5, 
inclusive, have never been prepared. The supply of 
the index to volume 9 is exhausted. 

REORGANIZATION WITHIN DEPARTMENT OF 
COMMERCE 

Effective August 14, 1940, the name of the Auto- 
motive-Aeronautics Trade Division of the Bureau of 
Foreign and Domestic Commerce, Department of 
Commerce, has been changed to Motive Products 
Division. The Railway Equipment Section, formerly 
a part of the Transportation Division, has been trans- 
ferred to the Motive Products Division. 
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